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20. Abstract (continued)

several means through which this energy might be coupled to radiation fields
with cross sections for stimulated emission that could reach 10-17 cm2 . Such
a stimulated release could lead to output powers as great as 3 x 1021
Watts/liter. Since 1978 we have pursued an approach for the upconversion of
longer wavelength radiation incident upon isomeric nuclear populations that
can avoid many of the difficulties encountered with traditional concepts of
single-photon pumping. Experiments have confirmed the general theory and
have indicated that a gamma-ray laser is feasible if the right combination
of energy levels and branching ratios exists in some real material. Of the
1,886 distinguishable nuclear materials, the present state-of-the-art has
been adequate to identify 29 first-class candidates, but further evaluation
cannot proceed without remeasurements of nuclear properties with higher
precision. A laser-grade database of nuclear properties does not yet exist,
but the techniques for constructing one have been developed and utilized
under this contract. Resolution of the question of the feasibility of a
gamma-ray laser now rests upon the determination of: 1) the identity of the
best candidate, 2) the threshold level of laser output, and 3) the upconver-
sion driver for that material.

Previous work focused upon our approach that is thenuclear analog to the
ruby laser. It embodies the simplest concepts for a gamma-ray laser and not
surprisingly, the greatest rate of achievement in the quest for a subAng-
strom laser was realized in that direction. For ruby the identification and
exploitation of a bandwidth funnel were the critical keys in the development
of the first laser. There was a broad .dsorption band linked through
efficient cascading to the narrow laser level.

In 1987 we reported a major milestone which showed that comparable structure
existed at the nuclear scale in the first of the 29 candidate isomers
available for testing, 18°Tam. Populations of the isomer were successfully
pumped down with flashes of x rays absorbed through an astonishingly large
cross section of 40,000 on the usual scale (- 10-29 cm2 keV) where 10
describes a fully-allowed process. This corresponded to a partial width for
useful absorption of 0.5 eV, even better than what had been assumed for
idealized nuclei. In the course of successive work we discovered that the
giant pumping resonances occurred with a gratifying frequency throughout the
table of nuclides, reaching optimal size and strength in the mass region
where the better candidates lie.

At the conclusion of that work we focused upon the extension of our achieve-
ments in pumping nuclei to those having laser-like transitions with micro-
second lifetimes. For the test cases of 181Ta and 1;6 Hf giant resonances were
found for the pumping of fluorescence with the Texas-X linear accelerator
installed in our facility for dedicated use in gamma-ray-laser researca.
The importance of those first results is that the particular nuclei studied
are very close neighbors in the sense of nuclear structure to the still
unavailable first-class candidate nuclei for a gamma ray laser. Such
favorable results with those close simulations argued strongly for analogous
successes with the actual candidate nuclei.

During the most recent reporting period efforts focused upon identifi-
cation and study of the best of the 29 candidate isomers for a gamma-ray
laser, the 31 year isomer of hafnium, 17 8Hf2. It stores the greatest energy
density available for release in a gamma-ray laser, 1.3 kilojoules per
microgram. Because of the expected difficulty in obtaining samples of this
exceedingly rare material, efforts this past year were concentrated upon
systematic studies and new technologies that will reduce the amount of
isomeric material needed for the critical experiments planned.
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Status and issues in the developuunt
of a y-ray laser

III. Preferred nuclides

By C. B. Collins and J. J. Carroll
University of Texas at Dallas,
Center for Quantum Electronics

P.O. Box 830688, Richardson, TX 75083-0688

Abstract

A gamma-ray laser would stimulate the emission of radiation at

wavelengths below 1 A from excited states of nuclei. However, the

anticipation of a need for very high pump powers tended to

discourage early research and the difficulties in demonstrating a

device were first assumed to be insurmountable. Over the past

decade advances in pulsed power technology have changed these

perceptions and studies have built a strong momentum. The concept

for a nuclear analog of the ruby laser now appears in the textbooks

and many of the component steps for pumping the nuclei have been

demonstrated experimentally. A quantitative model based upon the

new data and concepts has shown the gamma-ray laser to be feasible

if some real isotope has its properties sufficiently close to the

ideals modeled. The greatest positive impact upon feasibility has

come from the discovery of giant resonances for pumping nuclei that

greatly reduce the levels of pump power needed. Most recently

attention has been focused upon efforts to demonstrate prelasing

levels of fluorescence from nuclides which are actual candidates

for use in a gamma-ray laser. Problems being addressed are the

acquisition of macroscopic samples for testing and the

demonstration of appropriate instrumentation.
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1. Introduction

A decade ago the difficulties in realizing a gamma-ray laser

were considered almost insurmountable. However, in 1982 we began

to emphasize an interdisciplinary concept of upconversion which

ultimately launched a renaissance in the field (Collins, et al.

1982). The essential concept was the "optical" pumping of nuclei.

In this case optical meant x rays, but the fundamentals were the

same. Useful, resonant absorption of pump power would occur over

short distances to produce high concentrations of excited nuclei

while wasted wavelengths would be degraded to heat in much large

volumes. Of all the cases considered, the nuclear analog of the

ruby laser embodied the simplest concepts for a gamma-ray laser.

Not surprisingly, the greatest rate of achievement has been

realized in that direction.

For ruby, the identification and exploitation of a bandwidth

funnel were the critical keys in the development of the first

laser. There was a broad absorption band linked through efficient

cascading to the narrow laser level. Our concept called for a

nuclear analogy of this structure which was unknown in 1986 when

the first phase of experiments was started. Moreover, we had

envisioned pumping not only the ground states of nuclei, but also

isomeric levels. Such metastable nuclei store keY and even MeV of

energy for years so most of the pump power could be input long

before the time of use and triggering requirements would be

minimized. The model has been confirmed in principle and now

appears in the textbooks (Collins 1991).



The use of intense flashes of x rays to dump the stored energy

of an isomer was first shown (Collins, et al. 1988) for the rare

nuclide '"Tan which exists naturally as 100% inverted. Then

experiments with the unique superconducting linac at Darmstadt

showed that populations of the isomer '"Tan are pumped down through

two isolated resonances of extraordinary strength, about 10' times

larger than expected for the excitation of nuclei by x rays

(Collins, et al. 1990). A quantitative model based upon the new

data showed the gamma-ray laser to be feasible if one of the real

nuclear isomers has its properties sufficiently close to the ideals

modeled (Collins, et al. 1992; Collins, et al. 1993).

The greatest impediment to research on the feasibility of a

gamma-ray laser has come from the lack of suitable materials.

There are 1886 distinguishable nuclear isotopes, but most do not

occur naturally and there have not been any reasons to produce them

artificially. In 1986 a search of all nuclear properties

identified 29 isotopes as first-class candidates for a gamma-ray

laser and three are shown in Table I as examples. Only the two

poorest, 160Tan and '23Te could be acquired for testing. Those are the

ones upon which the breakthrough discovery of the giant pumping

resonance was made.

The better candidates for a gamma-ray laser have never been

available in sufficient quantities for evaluation and research had

to focus instead upon 19 simulation materials that served to teach

the systematics for using the giant pumping resonances to excite

nuclei (Carroll, et al. 1991). The results on those simulated

candidates were extremely encouraging as the giant resonance for



pumping with bremsstrahlung were found in many of them. Moreover,

the results have considerable significance as they served to

identify the best candidate material for pumping a gamma-ray laser,

the 31-year isomer of 17'Hf.

2. Technical Background

2.1 Pump Model

The sequence for triggering the release of the energy stored

in an isomeric state (Collins, et al. 1982; Collins 1991) is

described by an integrated cross section for the pumping of that

level with a continuum of x rays. The population is transferred

through a gateway state where the selection rules that would

otherwise limit the process do not apply. The normal decay from

the gateway is accompanied by the emission of immediate

fluorescence that leads to the principal laser level from which the

sustained output of power will be emitted. Such processes fall

into the general category of (y,y') reactions shown schematically

in Fig. 1. Population can be accumulated in the output level by

continuing to run the pump cycle for a time comparable to the

lifetime of the output state. In the case of the 2'Hf that lifetime

is an almost ideal value of about 70 sec.

Whether or not the initial state being pumped in a (y,'y')

reaction is the ground state or a long-lived isomeric level, the

principal figure of merit is the integrated cross section for

pumping an output transition through such a broad band, zb~bjo,/2.

Constituent parameters are identified in Fig. 1 where it can be

seen that the branching ratios b. and b. specify the probabilities

that a population pumped by absorption into the j-th broad level



will decay back into the initial state or by cascade to the output

level, respectively.

For a sample which is optically thin at the pump wavelength,

a computation of the number of nuclei pumped into a fluorescence

level in the scheme of Fig. 1 is straightforward (Collins, et al.

1982; Collins 1991). Most intense x-ray sources emit continua,

either because bremsstrahlung is initially produced or because

spectral lines are degraded by Compton scattering in the immediate

environment. The time-integrated yield of final-state nuclei, Nf

obtained by irradiating Ni initial targets with an x-ray flux, 0* in

photons cm-2 delivered in a continuum is,

S= NOo f ao(E) F(E,Eo) dE (1)
0

where F(E,E0) is the distribution of intensities up to an endpoint

energy E0 within the input spectrum normalized so that

f F(E,Eo) dE = 1 (2)
0

and a(E) is the effective cross section for the excitation of the

final state from the initial.

All (y,y') reactions occurring at energies below the threshold

for particle evaporation excite discrete pump bands, or gateways,

as shown in Fig. 1. Although only one gateway appears in the

figure, there could be more. Each would be excited at a different

pump energy but all would branch to some extent into the same



fluorescence level, f. The j-th gateway is shown in Fig. 1 as

typical.

Although the width of level j is broad on a nuclear scale, it

is narrow in comparison to the scale of energies, E over which

F(E,E0) varies. Then, the final-state yield, expressed as the

normalized activation per unit photon flux, Af(E 0 ) can be written

from Eq. (1) as,

Af(E 0) - (or vfj F(E, Eo) (3)

In this expression (ar), is the integrated cross section for the

production of final-state N. as a result of the excitation of the

gateway at E, , so that

Zj÷A

(or) f o(E) dE (4)
R,-A

where A is an energy small compared to the spacing between gateways

and large in comparison to their widths. Levels of this type are

sometimes called intermediate states or doorways.

It is straightforward to show that,

(or) .j = (wbabJa 0/2) fj , (5)

where a./2 is the peak of the Breit-Wigner cross section for the

absorption step, and



A2 210+1 1 (6)2x 21g+1 aFV (6

where I is the wavelength of the gamma ray at the resonant cnergy,

Ej; I. and I, 4re the nuclgar spips of the excited and ground states,

respectively; and a. is the total internal conversion coefficient

for the system shown in Fig. 1.

2.2 Experimental Confirmation

In experimental work of the last five years the bremsstrahlung

from five accelerators in different experimental environments was

used to verify the model of Eqs. (1) - (4) for pumping nuclear

fluorescence and to cross-check the accelerator intensities

(Carroll, et al. 1991). Spectral intensities were calculated with

the EGS4 coupled electron/photon transport code (Nelson, et al.

1985) adapted for each individual configuration from closely

monitored values of accelerator currents. In this way both F(E,E,)

and 0. were obtained. In some cases 0. was verified by in-line

dosimetry.

During these experiments samples with typical masses of grams

were exposed to the bremsstrahlung from the five accelerators for

times ranging from seconds to hours for the continuously operating

machines and to single flashes from the pulsed devices. Results

were in close agreement (Anderson & Collins 1987; Anderson, et al.

1988a; Anderson & Collins, 1988b) with the predictions of Eq. (3)

used with literature values of (ar),1 . The most detailed

confirmation of theory was obtained with the reaction SlSr(y,y')S'Sr-

as shown in Fig. 2. It served to completely confirm the model and



to validate the use of the EGS4 code for calculating bremsstrahlung

intensities from measured accelerator parameters.

Many of the 29 candidates belong to the class of nuclei

deformed from the normally spherical shape (Collins 1991). For

those systems there is a quantum number of dominant importance, K

which is the projection of individual nucleonic angular momenta

upon the axis of elongation. To this is added the collective

rotation of the nucleus to obtain the total angular momentum J.

The resulting system of energy levels resembles that of a diatomic

molecule.

In most cases an isomeric state has a large lifetime because

its value of K differs considerably from those of lower levels to

which it would otherwise be radiatively connected. As a

consequence, bandwidth funneling processes such as shown in Fig. 1

that start from isomeric levels must span substantial changes in K

and component transitions have been expected to have large, and

hence unlikely, multipolarities.

From this perspective the third of the isomers listed in Table

I, "°Ta was initially unattractive as it had one of the largest

changes of angula: momentum between isomer and ground state, 8U.

However, because a macroscopic sample was readily available, 1"Ta

became the first isomeric material to be optically pumped to a

fluorescent level.

This particular isomer, 10Tam carries a dual distinction. It

is the rarest stable isotope occurring in nature and it is the only

naturally occurring isomer. The actual ground state of *60Ta is 1i

with a halflife of 8.1 hours while the tantalum nucleus of mass 180



occurring with 0.012% natural abundance is the 9- isomer, "0 Tas. It

has an adopted excitation energy of 75.3 keV and a halflife in

excess of 1.2 x 101 years.

In an experiment conducted in 1987, 1.2 mg of '"0Tan was exposed

to the bremsstrahlung from a 6 MeV linac and a large fluorescence

yield was obtained (Collins, et al. 1988). This was the first time

a (y,y') reaction had been excited from an isomeric target as

needed for a gamma-ray laser and was the first evidence of the

existence of giant pumping resonances. Simply the observation of

fluorescence from a milligram sized target proved that an

unexpected reaction channel had opened. Usually grams of material

have been required in this type of experiment. Analyses (Collins,

et al. 1988; Collins, et al. 1990) of the data indicated that the

partial width, b.bXr for the dumping of "°Ta" was around 0.5 eV.

To determine ýhe transition energy, E, from the '"Tan isomer to

the gateway level, a series of irradiations (Collins, et al. 1990)

was made at the S-DALINAC facility using fourteen different

endpoints in the range from 2.0 to 6.0 MeV. The existence of an

activation edge was clearly seen in the data shown in Fig. 3. The

fitting of such data to the expression of Eq. (3) by adjusting

trial values of (ar),j provided the integrated cross sections for

the dumping of sOTam isomeric populations into freely-radiating

states. Reported values (Collins, et al. 1990) were 12,000 and

35,000 in the usual units of 10-29 cm2 keV for gateways at 2.8 and

3.6 MeV, respectively. These are enormous values exceeding

anything previously reported for transfer through a gateway by two



orders of magnitude. In fact they are 10,000 times larger than the

values usually measured for nuclei.

A survey of 19 isotopes (Carroll, et al. 1991)conducted with

the four U.S. accelerators over a fairly coarse mesh of

bremsstrahlung endpoints confirmed the existence of giant

resonances for transferring K in the region of masses near 180 as

shown in Fig. 4. Activation edges continued to support the

identifications of integrated cross sections for pumping and

dumping of isomers that were of the order of 10,000 times greater

than usual values. The details of these studies of systematics

have been reported in recent reviews (Collins, et al. 1992;

Collins, et al. 1993) together with the analyses of the nuclear

structures to which these giant pumping resonances may be

attributed. The conclusion of these modeling studies is that the

best of the 29 candidate materials for a gamma-ray laser is the

first listed in Table I. Because it should be the easiest to

trigger, the 31-year isomer 171HfA is the nuclide of choice for the

pumping of a gamma-ray laser.

3. Candidate Isomer for a Gamma-Ray Laser

3.1 Candidates and Simulations

While an exact ranking of the 29 candidate isomers for a

gamma-ray laser depends upon a complex weighting of combinations of

nuclear parameters, the potential importance of several nuclides is

magnified by some very pragmatic considerations. These issues are

typified by comparisons of the three examples presented in Table I.

From the perspective of shelf life and availability, the third

entry in Table I, "0Ta- is far superior. It is a naturally



occurring material composing 0.01% of all Ta and can be prepared

simply by separating natural Ta by atomic masses. Samples of

milligram weight exist and one such specimen was used in the

breakthrough experiment proving the use of x rays to dump the

energy stored in isomeric populations. In contrast the entire

world inventory of the first entry, 17'Hf2 appears to be about 101.

nuclei (Oganessian, et al. 1992).

However, from the perspective of triggering, 16°Tan appears to

be much less practical. Although the energy storage is still

impressively high, the isomeric level lies quite low in energy when

compared to the value for the K-breaking gateway at 2.8 MeV. For
178Hf= the energy of the isomer at 2.45 MeV is the highest known that

still lies below the likely gateway energy between 2.5 - 3.0 MeV.

The isomer 17'Hf is even higher at 3.312 MeV, but the availability

(Walker, et al. 1990) of a spontaneous transition down to the K-

mixing level at 2.685 MeV reduces the shelf halflife to only 3.7

psec.

The ideal energy for an isomer to store for ease in triggering

would be as much as possible without exceeding the energy of the K-

breaking level for that nuclide. As long as the transition energy

needed for triggering is positive, the isomer cannot dump

spontaneously as happens with 17'Hfa, so the lifetime of the initial

population will be as long as possible and problems of storage will

be minimized. Guided to 2 78HfA by energetics, a reasonable next

concern from the pragmatic viewpoint is for the duration of the

trigger pulse.



Even in the best cases the requirement for the energy in a

trigger pulse is large. The problem is compounded if the

fluorescence lifetime of the level into which the isomeric

population is to be dumped by the trigger is too short. Large

scale pulsed-power devices typically deliver their outputs in

pulses with duration of nanoseconds to a few microseconds, so it

would be fortunate to find a laser candidate with strong

fluorescence lifetimes of comparable magnitudes. In this case as

well, the "76Hfa is favorable having transitions with lifetimes of

both tens of nsec and tens of psec, as will be seen in the

following section.

Since the experiments needed to confirm our pragmatic scoring

of the better of the 29 candidates for a gamma-ray laser have been

postponed by the difficulties in obtaining samples, it has seemed

useful to identify simulations which can serve as vehicles with

which to develop systems and instrumentations for triggering. To

be useful a simulation nuclide needs to have a strong output

fluorescence transition that can be reached by cascade from a K-

breaking level pumped from the ground state by intense x-ray

pulses. Moreover the levels radiating such transitions should have

lifetimes of tens of nsec to tens of psec. Four convenient

simulation nuclides are shown in Table II.

Recently we have studied the pumping of the 4 simulation

nuclides shown in Table II (Hong 1993). Excitation was provided by

our 4 MeV linac which produces 150 mA pulses of electrons of 3 ps

duration at a repetition rate of 360 Hz. These are routinely

converted to bremsstrahlung with a cooled tungsten converter. The



Compton scattering of this bremsstrahlung from a milligram-sized

target support usually produces the main background noise tending

to obscure gamma fluorescence from the nuclei being irradiated.

Our present system has used a gated detector to reduce the

sensitivity during the pump period. A combination of issues limits

the recovery of the system to times after a certain minimum product

of photon energy and delay time for the fluorescence signal. As

currently implemented this limit is 150 keV x 2 ps. Shown in Fig.

5 is data from the delayed fluorescence of 1'8Ta detected at 482 keV

with a recovery time from the end of the x-ray pulse of 7.22 ps.

The literature value of the lifetime of the fluorescent state being

pumped is 18 ps which agrees well with the decay constant seen.

The energetics of the process are summarized in the diagram in Fig.

6. Similar results are shown in Fig. 7 for the nuclide 1"'Hf for

which the relevant energy levels are summarized in Fig. 8.

Analyses of the fluorescence data using Eqs. (1) - (4) yielded new

values for the integrated cross sections for pumping short-lived

fluorescence. Figure 9 shows these results included in the summary

plot of Fig. 4. It is encouraging to observe that the systematics

for the pumping of these simulated laser levels closely follows the

trends already established for the excitation of longer lived

levels that were easier to study. As yet the complementary data on

the excitation energies needed to reach the pumping gateways has

not been measured in these simulations, but they might reasonably

be expected to also continue the established systematics.



3.2 First-Ranked Candidate

The first priority candidate for a gamma ray laser is the 31-

year isomer of 17'Hf shown in the first line of Table I and it is

superior to the next possibilities by orders-of-magnitude. The

difficulty has been that macroscopic samples have been

available.

The energy level diagram for 17'Hf is shown in Fig. 10 with

prominent fluorescent transitions indicated. The fundamental

question is whether the K-breaking band will be found at the i vol

shown in the figure that is predicted by systematics.

In case of a weak success in which K-breaking is tending to

fail we would expect the preferential population of the band to the

right of the figure leading to fluorescence at 437 keY with 35%

efficiency from the bandhead having 68 ps lifetime. This is well

within current capabilities demonstrated by the simulations.

In case of a strong success in which K-breaking is complete we

would expect to preferentially populate the left-side band which

leads to fluorescence at 922 keV with 65% efficiency and 1247 key

with 30% efficiency from the bandhead having 78 nsec lifetime. In

this case demonstrations of dumping the populations would need to

use an accelerator with shorter pulses such as APEX-I in our

facility which produces 30 kA of electrons in pulses of 30 nsec

having endpoint energies variable from 0.7 to 1.2 MeV. Although a

single shot device, it served well in our first investigations of

gamma fluorescence (Anderson & Collins 1988b). There is a great

advantage in the use of this device since it can be configured to

pump the left-side band with bremsstrahlung having 0.7 to 0.8 MeV



endpoint that will give signal fluorescence at 1.25 MeV. It should

be straightforward to set discrimination levels in the electronics

to reject the scattered pump radiation since it consists of such

lower energy photons.

Using the model of the preceding section we can calculate the

expected number of fluorescent photons with two assumptions about

the overall integrated cross section for pumping to fluorescence,

(or),,1 = 5 X 10-25 CM2 keV , and (7a)

(or),.= 2.5 X 10-23 cm2 keV, (7b)

where the first is a number consistent with the measurements of

Fig. 9 and the second is scaled for the dependence on pump energy

given by Eq. (6). The range of excitation energies spanned by the

measurements of Fig. 9 is insufficient to determine any correlation

between (or) and the energy needed. As can be seen from the

results summarized in Table III, there is an ample safety margin

for the arrangement of realistic geometries for the collection and

detection of the fluorescent photons if samples of the sizes shown

can be acquired.

4. Conclusions

In the most recent years a breakthrough in research on the

feasibility of a gamma-ray laser has proven the pervasive

occurrence of K-breaking levels which can be used to dump the

energies stored in isomeric nuclei by pumping them with x rays.

Studies of systematics have shown these levels to lie between 2.5

- 3.0 MeV for nuclei lying in the range of masses spanned by 1 '7Er

and 1"5Pt. An extension of those studies being reported here has now

shown that the favorable occurrence of such giant resonances for



pumping nuclear fluorescence extends to the excitation of laserlike

transitions having lifetimes between ns and ps. These latest

results have provided further guidance in the rankings of the 29

candidate isomers for a gamma-ray laser that have served to

identify the one most likely to be successfully pumped, the 31-year

isomer, "'Hf".

While the paucity of actual samples has inhibited the final

demonstration of feasibility, estimates of likely yields from such

experiments have shown that strong levels of fluorescence from

laserlike levels of the 31-year isomer 17'Hfz should be observable

when samples become available. These conclusions would seem to

provide a strong motivation for the production of this first ranked

candidate for use in a gamma-ray laser.
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Table I: Examples of nuclear properties for three of the 29

candidate isomers for a gamma-ray laser that are of pragmatic

importance in estimating the probabilities for the successful use

of that material.

ISOMER ENERGY SHELF TRIGGER
DENSITY HALFLIFE PHOTON

(Joules/pg) (MeV)
17OHf- 1300 31 years <0.5

179Hf- 600 25 days -1.5

""T" 40 1015 years -2.5



Table II: Summary of properties of nuclides useful in simulating

the pumping of the better of the 29 candidates for a gamma-ray

laser.

Nuclide Abundance Output Fluorescence
(%) transitions lifetime

(keV) (Ps)

O'Br 49.31 260 37.6

276
"2'Hf 5.206 736 9.9, 9.6

1043

"1'Ta 99.988 346 18

482
2°_Hg 13.1 521 92



Table III: Summary of expected numbers of excitations from

microweight samples of the 31-year isomer of "78Hf pumped with the

UTD linac in a 100 % coupling geometry.

Isomeric ("7'Hf) (or) Linac (3.3 x 101O
Nuclei photons/cm? per

hour)

3 x 101' Systematic 2.3 x 10'

Best 1.1 x 10'
101" Systematic 7.6 x 10'

Best 3.8 x 106

3 x 10"1 Systematic 2.3 x 10-

Best 1.1 x 107

10' Systematic 7.6 x 105

Best 3.8 x 107



Captions

Figure 1: Schematic representation of the decay modes of a gateway

state of width r sufficiently large to promote bandwidth funneling.

The initial state from which population is excited with an

absorption cross section a, can be either ground or isomeric.

Figure 2: Activation efficiencies, A, for the reaction

'8Sr(y,y')'6Srn are shown as functions of the endpoint, E, of the

bremsstrahlung used for excitation. The solid curve plots values

computed from Eq. (3) using gateway parameters found in the

literature together with calculated photon spectra. The figure

compares these A, values with measurements obtained from four

different accelerators.

Figure 3: Activation efficiencies, A, for the reaction

laoTam(y,y')'soTa are shown as functions of the endpoint, E0 of the

bremsstrahlung used for excitation. Gateway parameters were found

from calculated photon spectra using Eq. (3).

Figure 4: Integrated cross sections for pumping isomeric nuclei

obtained in the survey of Carroll et al. 1991. The groupings of

pumping strengths seen in the figure correspond to mass islands

between magic numbers for neutrons and protons. The best

candidates for a gamma-ray laser lie within the island containing

the largest values of integrated cross sections corresponding to

giant pumping resonances. Within each island the integrated cross



sections, and the gateway excitation energies plotted with the

right-hand axis, vary only slowly with changing mass number, A.

Figure 5: Fluorescence detected from decay of the 615 key isomer

of "'Ta. The data were obtained using a gated detector system and

correspond to nearly 10' acquisition cycles. Each cycle began when

the detector was gated on 7.22 ps (t - 0 on the horizontal axis)

after the end of a 3 ps pulse of x rays from the linac, as

illustrated in schematic form. The solid line shows a fit to the

data which agrees well with the literature value of 18 ps.

Figure 6: Schematic diagram showing the energy levels important

for the excitation of the 615 keV, 18 ps laserlike level in "'Ta.

The large upward arrow indicates the absorption transition to a

gateway located near 2.8 MeV which populates the laserlike level by

a branch of its decay cascade (shown by the downward dashed arrow).

Transitions providing photons used to detect the decay of the 18 Ps

state are indicated with their energies.

Figure 7: Fluorescence detected from decay of the 1333 keV isomer

of "'Hf. The data were obtained using a gated detector system and

correspond to nearly 105 acquisition cycles. Each cycle began when

the detector was gated on 7.22 ps (t = 0 on the horizontal axis)

after the end of a 3 ps pulse of x rays from the linac. The solid

line shows a fit to the data which agrees well with the literature

value of 9.6 ps.



Figure 8: Schematic diagram showing the energy levels important

for the excitation of the 1333 keV, 9.6 ps laserlike level in '"Hf.

The large upward arrow indicates the absorption transition to a

gateway located near 2.8 MeV which populates the laserlike levels

by branches of its decay cascade (shown by the downward dashed

arrows). Transitions providing photons used to detect the decay of

the 9.6 ps state are indicated with their energies.

Figure 9: Integrated cross sections for pumping laserlike levels

along with those of Fig. 4 for the pumping of long-lived isomers.

Again the groupings correspond to mass islands between magic

numbers and the best candidates are identified as neighbors of the

nuclide "0°Ta.

Figure 10: Energy level diagram of 17'Hf. The spontaneous decay of

the 31-year isomeric state does not excite transitions in the left-

side band nor is it able to excite the K = 14 bandhead which

cascades through the right-side band during its 68 ps halflife.

The K-mixing level inferred from systematics is shown by the wide

shaded band near 2.8 MeV and the large upward arrow symbolizes the

pumping step from the 31-year isomer. Transitions providing

photons useful for detection of the dumping reaction are identified

along with their energies.
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Continuing the systematic investigation into the photoexcitation of isomers oer k de mass and energy

ranges, the production of 17Se", 7'Br,', and 137Ba'" was studied with the bremsstrahlung tacility at the su-

perconducting Darmstadt linear accelerator. These isomers have half-lives on the order of seconds. Ex-

citation functions were measured for the (y,y') reactions populating the metastable staies for energies of

2-7 MeV and the important intermediate states were identified. Nuclear structure calculations with the

quasiparticle-phonon model for 7"Br and the particle- (hole-) core coupling approach for "7Ba gave satis-

factory descriptions for the strength and position of the dominant mediating levels. Admixtures of frag-
mented outershell single-particle strength shifted to low energies were identified as essential features of

the wave functions of those states. Intermediate states in 7'Se displayed very large strengths compared to
other isomers in the same mass region, providing further support for the correlation between integrated
cross sections and ground state deformations recently discovered in the A = 160-200 mass region. Such
an enhancement would considerably improve the feasibility of a gamma-ray laser based on the sudden
deexcitation of isomeric populations in deformed nuclei.

PACS number(s): 25.20.Lj, 27.50. + e, 27.60. +j, 21.90. + f

1. INTRODUCTION which efficiently couple ground states and isomers
differing by as many as eight units in the quantum num-

It has been known for more than fifty years that nu- ber K, the projection of the total angular momentum on
clear isomers could be populated by (y,y') reactions, yet the major nuclear axis. The properties of IS are impor-
the greatest progress in the study of this process and the tant in nuclear astrophysics when stellar nucleosynthesis
underlying nuclear structure has occurred in the past de- of a radioisotope is expected to branch to both ground
cade. To a large 4egree this renaissance has been driven state and isomer which have greatly differing lifetimes
by research directed towards determining the feasibility (9,11,20]. In a practical field, nuclides with well-known
of a gamma-ray laser whose pump scheme [1,2] would IS can be used to characterize intense bremsstrahlung
rely on the resonant deexcitation of long-lived nuclear produced by linear accelerators or pulsed-power
isomers through intermediate states (IS). Such research machines [21-23].
has required the systematic development of a database The systematic investigation of the photoexcitation of
describing the population and depopulation of metastable isomers was continued in this work by the study of "TSe,
levels. This effort began in earnest [3-10] in 1987 and 79Br, and 173Ba whose isomers have half-lives on the or-
has recently concentrated [ 11-161 on the investigation of der of seconds. In addition to the experimental data, nu-
IS in the largely unexplored excitation energy range of clear structure calculations are presented for 79Br and
2-6 MeV. 137Ba which permitted a detailed interpretation of the in-

Applications notwithstanding, the photoactivation of terplay between single-particle and collective properties
isomers is important in its own right. For example, the that provided the observed intermediate states.
integrated cross sections measured for IS can reveal in-
teresting nuclear structures [17-19] since both strong II. EXPERIMENTS
absorption transitions from the ground state and
significant cascades to the isomer are needed. In this re- A. Methods
gard the combination of photoactivation and nuclear res-
onance fluorescence (NRF) experiments has proven to be The experiments were performed using the injector of
a particularly useful tool and the resulting information the superconducting continuous wave electron accelera-
has been successfully compared with microscopic calcula- tor (S-DALINAC) at Darmstadt [24]. Bremsstrablung
tions [13,16]. For deformed nuclei a remarkable for the experiments was produced by electrons which im-
discovery (5,11,14] was the appearance of low-lying levels pinged on a 3 mm thick tantalum converter foil. The

055•-2813/93/48(5)/2238(8)/$06.00 48 2238 0 1993 The American Physical Society
34
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TABLE I. Summary of the literature values [25] for the relevani nuclear parameters and transpacnrcies ,or the escape of fluores.
cence photons from samples of the nuclides.

Nuclide g's. spin E.- Isomer s,pin 1: Abundance Principal graivsparencN
J (keV) J fluorescence

•keVi

S 162 17.4 7.6 161-92 76
207 4.86 50.69 207 2 76'"Ba 662

.. . . . 662 _- 153.12 11.23 66 1.66 85

electron energies were measured before and after eaoh ex- figure identifies the relevant parameters including the
posure to an accuracy of 50 keV and were varied from natural width of the intermediate state F and the branch-
E0 = 2 to 7 MeV in step sizes of 125 and 250 keV. The ing ratios b0 and b,,o for decay from the IS directly to the
proper beam alignment was insured by maximizing the ground state and by unknown cascade to the metastable
dose registered in a remote ionization chamber which level, respectively. Along with the Breit-Wigner cross
viewed only the central 12 mrad of the bremsstrahlung. section for the absorption transition, these form the in-
Variations in all beam parameters were recorded during tegrated cross section for population of the .somer
each exposure, including the total charge passed to the through the IS,
converter.2

2 1iC 2Jjs + ITargets consisted of elemental Se and compounds of (oF),=rr2 T --- b0 b.,,, FIl
LiBr and BaF, with typical masses of 3-6 g. The materi- E 2Jo + I
als were contained in hollow aluminum cylinders with 3.5
cm length and 1.4 cm outer diameter. The samples were
irradiated axially with their plane faces located 1.3 cm ground state, respectively, and E is the energy of the ab-
from the converter foil. Nominal electron beam currents sorption transition. The integrated cross section is ex-
were 5 1AA and the exposure periods were typically twice pressed in usual units of 10-29 cm 2 keV, equivalent to
the half-life of the isomer being investigated. At the end 0.01 eV b. This quantity is of primary importance for
of each irradiation the samples were transported pneu- photoactivation studies since the normalized activation
matically to a well-type NaI(TI) detector for counting as A1 giving the fractional yield of isomers produced by an
described in more detail in Refs. [15,16]. To improve the
statistical accuracy of the data, measurements were re-
peated for up to sixteen cycles for each isotope and elec- ,' 100
tron energy. A sample of elemental In was also irradiat- 8 (a) 7 7Se

80ed at some energies for calibration. . E 4 MeV
The numbers of isomers produced by these exposures cu 60

were determined from the counting rates measured in dis-
tinctive fluorescence lines. The y-ray signatures and oth- w 40
er relevant parameters for the isomers investigated here a 20are summarized in Table I. The raw numbers of counts 0
within peaks observed in pulse-height spectra were U 0
corrected in a standard fashion [15] to account for the 0 50 100 150 200 250
isomer half-lives, the detection efficiencies, and the opaci- Channel
ties of samples to the escape of fluorescence photons. A
typical example of the data is shown in Fig. 1(a) and was 10
obtained from a Se sample following its irradiation with (b) 7 7 Sem
bremsstrahlung having an end-point energy of E0 -=4
MeV. The isomeric decay signature was clearly identified
despite the relatively poor resolution of the Nal spec- a:
trometer. In addition to pulse-height spectra, a mul-
tichannel analyzer was used to obtain decay curves like
that of Fig. 1(b). As shown, there was excellent agree- 9T
ment between measured and adopted [25] values for the o 1 1 7.32)I
isomeric half-lives. U 0 10 20 30 40

Time (s)
B. Data analysis

FIG. I. (a) Pulse-height and (b) time-decay spectra obtained
Recent investigations have confirmed [I 1-16,26] that from a Se sample following its irradiation with bremsstrahlung

the population of isomers by (,,y') reactions at excita- having an end point of 4 MeV. The straight line in (b)
tion energies below the photoneutron threshold proceeds represents a best fit (log scale) with T,--=17.3±0.2 s which
by the process depicted schematically in Fig. 2. The agrees well with the literature value [25] of 17.45 s.
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FIG. 2. Schematic representation of the resonant photoexci-

i.ilion mechanism by which an isomer at an energy of E_., is 791
populated through the hatched intermediate state 'IS) The IS 10 29, (b) Ir"

is characterized by it excitation energy E, and its natural width

r The branching ratios b 0 and b,. describe the decay of the IS
to the ground state and to the isomer, respectively. The latter 10-30

quantity is the sum of all unknown cascades through the dashed <

lesels which lead to the isomer.
10-3

1 2 3 4 5 6 7 8

irradiation per incident photon is 0
9  

( 13

10-2 (c) 17 I
- I ~(unl F(E ,,'2)

""-N 10 r .- '

where N,..0 is the number of isomers produced, NT is the _10 -3
number of target nuclei, 4 )o is the total photon flux for < -32
the specified end-point energy E0, and F(EP,Eo) is the 10-2 ;
distribution of energies within the bremsstrahlung contin- 1 2 3 4 5 6 7 8
uum normalized to i. The summation in Eq. (2) allows End-ooint Energy (,Me\)
the participation of a plurality of well-spaced gateways.

Values for (Do and F(Ej, E) were obtained for each FIG. 3. Normalized yields A, as functions of electron energy

end-point with the well-established EGS4 electron-photon for the populations of (a) 77Se',. (b) ' 9Br"'. and (c) "'Ba"'. The

transport code [271, as described in detail elsewhere asterisks represent experimental results of Ref. (101 obtained at

[II - 16]. The calculated spectra were validated with the 6 MeV in a completely different environment and agree well

"ii•1n(Yy.)iSIn,,, reaction which is characterized with the present data. The solid lines correspond to excitation

sufficiently to serve as a calibration standard [ 13,23]. functions calculated using "q. (2) with the intermediate states

listed in Table II and the dashed lines describe the error bounds
III. RESULTS of this approach.

Figure 3 displays excitation functions of A1 vs end
point for the production of 7Se , 79Br', and 17Ba r. For tions of Fig. 3 up to the energy of the first visible IS, a
comparison, the asterisks represent the experimental re- single intermediate state was introduced at an excitation
suits obtained at E0 =6 MeV from Ref. [10]. The good energy below 2 MeV. Its position and integrated cross
agreement observed between values measured in com- section were chosen to remove the baseline level of ac-

pletely different experimental environments established tivation and did not necessarily correspond to that of a

confidence in the procedures. Intermediate states were real level. Properties of IS which reproduced the excita-
identified by sharp increases in the normalized activation. tion functions measured here are summarized in Table II.
Integrated cross sections were then extracted by fitting The 77Se excitation function at low energies (E0 <:2.6

Eq. (2) to the data in such a way as to minimize the resi- MeV) was partially reproduced by including the
due, 30X 10-29 cm2 keV IS at 1.005 MeV of Anderson et al.

EýW• [4], but neglecting the small contributions of the lower-

R. )A(Eo)- I, (ga F(E 1 ,Eo) , 3) lying levels listed there. The missing strength below 2
') AMeV was ascribed to an IS at 1.7 MeV of 150X 10- 29 cm'

keV which served to remove the remaining baseline ac-

by successively removing contributions from the M tivation. Boivin et al. [28] also examined the production
lowest-lying IS. of this isomer up to an excitation energy of 1.7 MeV.

End-point energies below 2 MeV were not accessible in Their work indicated three important IS at 1.000, 1.190,
the present work so previously measured experimental and 1.600 MeV with integrated cross sections of
values for IS at lesser energies were included in the fitting 3.2 X 10-19, 18i O-219, and 52 X 10-29 cm 2 keV, respec-
procedure. In instances where literature values were una- tively. However, the yield calculated with these values
vailable or insufficient to reproduce the excitation func- severely underestimated the data. It is noteworthy that
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TABLE II. Values of integrated cross sections [r and excitation energies E-, of thc intermediate
states most important in the production of these isomcrs, bh (y,,,'i reactions Values needed to fit the

data were determined in this work by mtininmizing the residues of Eq 01 Values asailahlc i the litera-
ture, where availahle, were used to reproduce the excitatlion functions for energies below that of IS
clearly idenlified in ibis ssork. Strengths listed ahome 4 MeV were introduced to account for the ewe,,,
yield observed toss ard higher energies and did not neccssard.s correspond to single lcý Is or groups o!
lesels No error is giein for the 2 MeV state in "' 1a since this lesel %%as simpli used to estimate I lie
maximum strength corresponding to the baseline acLitatioti resultitg from null Inea•1reinelts at IE',, "
MeV.

Isomer E, (MeV) (o F);, (10 : cm' keV)

"Se" 1.005 30 Ref 141
1 7 ,0, 150 - I
2. t0.1 1200r 120
3,2 -0 1 3700 i370
4.0±0. 1 5500. I1000

79Br" 0.761 5.9 Refs. 13,4,291
1.8±0.1 65_6

3.2 _ 0. 1 850-90
44 i.0.2 700(- 15(0

137 Ba'• 2.0 < 15

3.2±0. 1 220Z20
4.5±0.2 8500± 800

when their integrated cross section at 1.005 MeV was re- The method for treating such nuclei in this theoretical
placed by that of Ref. [4], and with their values for IS at framework is described in detail in Ref. [32] and has
1.190 and 1.600 MeV, good agreement was obtained be- been successfully applied to the calculation of NRF and
tween the calculated and measured excitation function isomer photoexcitation [16) in 89Y. Calculations of the
below 2.6 MeV. properties of the stBr(y,y')8nBrm reaction are also avail-

In the case of 79 Br, the well-known level [3,4,29] at able [19] which should show very similar structure to
0.761 MeV was included as listed in Table II. The litera- those for 79 Br since both nuclei have the same g.s. and
ture does not support the identification of any other IS up isomer spins. The two extra neutrons in S Br are not ex-
to an energy of 1.7 MeV. However, after removing the pected to significantly change the average field.
contribution from the above state the shape of the excita- Calculations were performed with the wave function
tion function of Fig. 3(b) did not indicate a flat baseline
but instead followed the isochromat [30] of an IS posi- *'u(JM)=CJ- aim +I DQ(Jv)(amQ i, ))bi %P0 (
tioned near 2 MeV. Therefore a level was concluded to ).iD 0
lie at 1.8±0.1 MeV as shown in the table.

The data displayed below 3 MeV in the excitation func- for states with angular momentum J and projection M.
tion for 17Ba represent upper bounds on the yield ob- In Eq. (4), aiM denotes the one quasiparticle and Qt , the

tained from null measurements for fluorescence from the phonon creation operator for angular momentum X, pro-
isomer. This small baseline was consistent with an IS at 2 jection u, and random phase approximation root number
MeV with less than 15 X 10-29 cm2 keV for its integrated i. The g.s. wave function of the even-even core is denot-
cross section. For comparison a level at I MeV with less ed by To and v is the number within a sequence of states
than 3X 10-29 cm2 keV would have also been allowed, of given J'.
The literature [311 describing excited states lying below The effective QPM Hamiltonian incluos the average
2.6 MeV does not support the identification of any IS so field, pairing interactions, and a residual interaction be-
it was concluded that the first intermediate state of tween quasiparticles. The latter was adjusted to repro-
significant strength was located at 3.2±0. 1 MeV. duce the energy and strength of the 2+ and 3 + phonons

The results of the application of Eqs. (2) and (3) that in- in the neighboring even-even nuclei. A Woods-Saxon po-
cluded the low-lying levels discussed above are shown as tential with the parametrization of Ref. [33] was used to
the solid lines in Fig. 3. The dashed lines define bands describe the average field. Phonons with
describing the errors in the values given in Table II and Jr= 1±,2±,3±,4±,5 -,6+, including the collective as well
those quoted in the literature, as two-quasiparticle states, were considered in the sum-

mation of the second term of Eq. (4). The complete
IV. MODEL CALCULATIONS configuration space up to E, = 12 MeV was taken into ac-

A. "Br count to avoid truncation effects.
Numerical calculations were performed with the code

The photoexcitation of 79Br', an odd-even nucleus, PHOQUS [34]. The calculations were restricted to one-
was studied in the quasiparticle-phonon model (QPM). phonon coupled states, since the total electromagnetic
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streilgth is kno-An to be unaffected by the inclusion of The acti ation tunctiol II I'jg. .,'a) is domilinated b% a
multiphonon coupled configurations. An effective spin g transition at 2.6 MeV. Tlhe integrated cross section of
factor g. =- (0.8)g ,.,, was used. Effective charges Table 11 may be converted int1, a dec'ayr \idi h and the
e=(A/ .4-)c and e" fl . (Z / A )e were introduced for corresponding reduced transition probabilities ale

El transitions to separate the central mass monion. B(EI) >_ 2.9X 10 \V t,. 1B I) , 0.17 \W.u., and
B,9E2)> 33.0 \.w. depcitlmg on 0li assuned Iture of

B. I"'1la the excitation step. Thscc \altic, are lo\s'er limit% oinly.
since the largest possible product of branching ratios,

The single-hole configuration of the unpaired neutron b0 b,s =0.25 was used. Typically, the branching ratio
in 13lBa relative to the N =82 shell closure suggested that factor could be expected to( be about 2-5 times smaller
the hole-core coupling model [35], called the unified mod- than this value.
el (UM), would be a useful approach. In the comparable It is interesting to note that yields obtained for "Se'.
case of 115 In (one proton hole relative to Z =50). en- are much larger than those in other isomers, in the salme
couraging results were obtained both for the description mass region (7"13r,"l3r, 7Sr. N. A large g.s. defotma-
of NRF and for the isomer photoexcitation [131. Also a tion (P/=-0.28) has been derived [391 for "Se from
detailed UM study of 1

43Nd (one particle relative to Coriolis coupling calculations and therefore this pros ides
N = 82) has recently been reported which successfully ac- another hint for the peculiar role of deformation in the
counted for all major features of the low-energy spectrum variations of integrated cross sections for the population
[36]. of isomers in different nuclei [151.

The configuration space consisted of ih (one-hole)
states (with respect to the semimagic i38 Ba nucleus) and 1B. ' 9Br
lp-2h (one-particle-two-hole) states (with respect to
t36Ba). The g.s. wave function of t 36Ba relative to the The ground state and isomer have spin structures of

neutron closed shell at N=82 was calculated with the -Y and!+,respectively, so the isomer can be reached by

pairing interaction of the Hamiltonian. A realistic ap- either an E2 excitation to a J'= ' IS followed by an E l
proximation to the 136Ba g.s. wave function was essential, decay, or the reversed scheme of an E I excitation to a
because important contributions to the electromagnetic J'= !+ IS with subsequent E2 decay. Intermediate
excitations would have been missed using a simple pure states found in the QPM calculations are compared to the
two-hole (s 0+2 )o configuration as suggested by the experimental data in Fig. 4 and show this behavior. Only

independent-particle model, two strong IS are observed and the contributions of all
Single-particle energies were taken from systematics of other levels are at least two orders of magnitude smaller.

the odd-mass Ba nuclei and the single-particle space was A difficulty in the model results was the poor reproduc-
coupled to collective 2+ and 3- phonons in the neighbor-
ing even nuclei [37]. Excitation energies and transition
strengths for those phonons were adopted from experi-
mental data. The energy shift between lh states and lp- 10 ?79Br
2h states across the shell closure was estimated from the
neutron separa'tion energy differences (35] between the 102 Experiment
t3

7Ba and '39Ba nuclei. 101 .
> 10

An effective charge er=-(1.5)e and effective g factor Q)
g--=(0.7)gf- were used for the calculations of elec-ti 100

tromagnetic transitions. A collective limit gR = Z /A was 10'
assumed for the gyromagnetic ratio. As was the case [131 0
for 1tSn, strong transitions were hardly affected by using 10,-

other gR values, e.g., gR =0. O 0.5 1.0 1.5 2.0 2.5 3.0 3.5

The results of the UM calculations were validated 3

against the low-energy spectrum [31] up to E. =2 MeV. 10
The J"= - isomer energy was found to be 150 keV too ,- 102-pril en QPM
high, but this was sensitive to the h 11/ 2 single-particle en- 0
ergy and the 31 coupling strength in "'Ba. Transitions s' 1
between low-lying states (E2 transitions only) were repro- 100
duced within a factor of 2 for the scarce information
available in the literature. 10

V. DISCUSSION 0.5 1.0 1.5 2.0 2.5 3.0 3.5

A. "Se Excitation Energy [MeV]

The nucleus 77Se shows a very complex structure at FIG. 4. Positions and strengths of intermediate states in "Br
low excitation energies (38,39] and no calculations are measured experimentally (upper) and calculated using the
available for electromagnetic transitions above I MeV. quasiparticle-phonon model as described in the text (lower).
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lion of the • isomer excitation energy, 1.270 MeV, The results of the UM calculations are displayed in hic
which strongly distorted the energy-dependent integrated middle part of Fig. 5 and indicate a strong transition it
cross sections. Therefore, the experimental value of 2.75 MeV. Within the limitations of the model it ap-
0.127 MeV was used as the basis for electromagnetic peared justified to assign this to the experimentally deter-
transitions. A similar problem occurred in the 811r cal- mined level 450 keV higher in energy at 3.2 McV Thc
culations [19]. There it was shown that the inclusion of integrated cross section of the state was overpredicted hN
two-phonon coupled configurations shifted the lowest ' ' a factor of about 2-3, depending on whether the experi-
state to roughly the correct position without strongly mental or model excitation energy was used. However,
affecting the strength of the intermediate states. similar to the 79Br case this was probably due to the basis

The calculated low-energy IS has J'-= ' -, in agree- truncation and larger configuration spaces would be ex-
ment with the established 0.761 MeV level. Assuming pected to bring the results closer to experiment.
the experimental 1.8 MeV state also to be J , a very An analysis of the wave functions of the IS identified
good correspondence was obtained for the total - 2d3/2 - 2fs/2 single-particle El transitions as the com-

goo crrspndecewa otaiedfo te tta eery- mon ectiomchns.Because of the large spinindependent isomer population strength below E, =2 difference, AJ=4 between g.s. and isomer, the decay
MeV. Such a fragmentation would have naturally occurs by beted ca sc ad isocer, be eay
emerged from the model calculations if more complex occurs by complicated cascades which cannot be easily
configurations had been considered. Thus it was conclud- summarized.ed tat ll I beow 2MeVhadJ'27andthatthein- A particular problem of the UM calculations alreadyed that all IS below 2 MeV had J•'= 2- and that the in-

-2 discussed for the ..Sln(y,yY)it 5lnf reaction was a sys-
termediate strength had a common excitation-decay tematic deviation for the average El and E.2 transition
structure. h strengths with respect to experimental systematics in this

The microscopic structure was extracted from the mass region [40]. Good correspondence of the distribu-state wave function tion shapes was obtained by comparing the reduced tran-

'I'(2- )=(0.34)2f 7/ 2 +(0.85)( 2 p3,2®21" )+ • . . sition probabilities of all possible transitions up to 4 MeV
in the model with Ref.. [40]. However, the maximum had

The excitation occurred through the 2 ' phonon com- to be normalized with factors of f(El)=0.2 and
ponent coupled to the main g.s. configuration while the f(E2)= 50 while absolute M I strengths were reproduced
decay to the isomer took place in a 2f 7/ 2 -- g99/ 2 El well.
single-particle transition. A reanalysis of the isomer population implementing

The strong experimental IS at 3.2 MeV was well repro-
duced by the QPM. The calculated oF was a factor of 3
larger, but again inclusion of many-phonon states would 400
have been expected to bring the values into closer agree- 300 Experiment 3 7Ba
ment. The QPM predicted J'=-!+ for the IS and a re- 200e
versed excitation-deexcitation sequence compared to the
-1 - state. Analysis of the wave function 100 /

- ~~~Q.) 01 _ _ __ _ _ _

•t(!+ )=(0.38)5/2 +(0.90)(lg9/2®2 ) .• 2 3 4

revealed that a 2p 3 n--.2d 5/ E l transition was responsi- 400[ USUnified Model

ble for the excitation and phonon coupling to the dom- 300 without scaling
inant isomer configuration provided an E2 decay. e 200

The common feature in the intermediate levels of the
QPM results is the presence of single-particle com- o
ponents in the wave functions belonging to strength hay- 01
ing a centroid energy lying much higher. These 1 2 3 4
configurations from the next major shell are strongly b 400
damped by coupling to collective excitations [32] and this 300 Unified Model
pushes fragments to low energies. Exactly these com- with scaling

ponents were found to be crucial for the isomer popula- 200I
tion in 79181r. 100_. i.

1 2 3 4

The experimental data showed evidence for only a sin- Excitation Energy [MeV]
gle IS up to 4.3 MeV. Within the experimental limits, no
contribution was observed below 2 MeV in agreement FIG. 5. Positions and strengths of intermediate states in
with the literature [31]. Thus, photoexcitation of 137Bam i7TBa measured experimentally (upper), calculated with the
has proven to be particularly Important for the brems- unified model (middle) and calculated with the unified model us-
strahlung characterization technique of Ref. [22] since ing empirically introduced correction factors for the average
the isomer yield directly provides the photon flux at a sin- - transition strengths (lower). Those factors were f(EI )--0.02
gle energy. and f (E2) = 50.
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the normalization factors is shown in the lower part of and is important to gamma-ray laser research sliwc, 111J1\

Fig. 5. Surprisingly little change was observed with the candidate nuclei are well deformed.
main difference being some additional strength at 3-3.5 The appearance of strong imterncdiaic •lates rcqujres 't

MeV. The E2 correction factor seemed unrealistically special combination of properties ii.cludiirg a large past lal

large considering how well the low-energy transitions g.s. width and significant mlxing in the wa•c funr'lilo

were described. It is important to note that many of the Thus the number of iniportatif c•.els v, is ,.pic'•, ci,

weaker E2 transitions resulted from destructive interfer- small at energies below about 5 McV as conilirncd h\ ihe

ence of the collective and single-particle parts of the tran- model results. The calculations further emph.:s.iZCd Ihe

sition operator. The renormalization factor for El tran- importance of a delicate interplay of singlc-particle arid

sitions seemed more realistic due to the sensitivity to collective amplitudes in the IS wa\ve functions. In all cx-

smaller amplitudes of the wave functions which would amples analyzed so far (Refs. 113,191 and this work, the

have been smeared out in an enlarged configuration decisive factor has been the appearance of fragnicnt, of

space. Accordingly, the best description might lie some- outer-shell single-particle strengfh -if Io%% eicrle1>, I!

where between the two extremes displayed in Fig. 5. would be of interest to compare these conclusini s ,i.h

However, the strong IS at 2.75 MeV which likely corre- findings in other valence-shell regions and in nuclei %%ith

sponds to the experimental 3.2 MeV level was hardly large g.s. deformations. Experimental and t0euiLrctrcal

affected by these variations in the UM calculation, work along these lines is underway.
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M6ssbauer effect measurement of the recoil-free fraction for 57Fe implanted
In a nanophase diamond film
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The Mossbauer effect was used to investigate films of nanophase diamond (NPD) implanted with
isotopically pure 57Fe at a dose of 5 x 101" atoms/cm 2 and an energy of 20 keV. When defects and
voids created by the implantation were repaired with an overcoating layer of NPD, the recoil-free
fraction at room temperature for these samples was found to be fda=0.9 4 _-0. 0 6 with a
corresponding Debye temperature of 1140 K. This relatively high value for f makes NPD films a
promising host matrix for microgram quantities of Mossbauer isotopes.

The principal figure of merit for a matrix in which Moss- involving the implantation of Mossbauer nuclei into natural
bauer nuclei are embedded is the fraction f of events which diamond have been reported in the literature. 3-
can occur without any recoil of a nucleus emitting or absorb- Recently, substantial progress has been made in the de-
ing gamma rays. The probability for the recoilless emission velopment of different types of pure carbon films having
or absorption of gamma rays is related to the mean-square many of the properties of diamond. These films appear to be
vibrational amplitude of an atom in the direction of observa- combinations of the various polytypes of diafilond and often
tion and is given by the relation f=exp(-k 2(x 2)) where have mechanical and thermal properties similar to those of
k=21r/X. Since the wave number k is determined for a natural diamond.
given transition, an increase in f can only be accomplished Nanophase diamond (NPD) films are unique among the
by decreasing the mean-square vibrational amplitude of at- growing class of these new diamondlike materials and offer a
oms in the host lattice. Such a change may be accomplished number of important solid-state properties. 8-'2 As used here,
by either reducing the temperature of the lattice, or by in- these NPD films were condensed from ions of carbon pro-
creasing the interatomic binding energy. In practice, the latter duced by the laser ablation of graphite at intensities sufficient
can be done by substituting the Mossbauer nuclei of interest to impart kinetic energies in excess of 0.5 keV They were
into a rigid lattice. prepared in vacuum on substrates at room temperatures with-

In the Debye theory of solids, rigid lattices have high out hydrogen or other catalysts and without columnar pat-
Debye oscillator frequencies, WD3 , and correspondingly high terns of growth. Such layers of NPD nominally contain
Debye temperatures, 0OD related by kip OD = A WaD. The recoil- 75%-85% diamondlike sp 3 bonds concentrated into nodules
free fraction is related to OD and the temperature, T of the of 20-30 nm in diameter as determined by STM and con-
sample by' firmed by TEM.1 3 The bulk properties of these films closely

approach those of natural diamond in the areas of thermal
T{ 3t [ ( X 2fI I 1 management and hardness."4 These films can also be depos-

f= exp 1+4 - dx (1) ited on a wide variety of different substrates. In this work,we investigate the utility of these films as host matrices for

targets containing microgram quantities of M6ssbauer iso-
where ER is the recoil energy for a free nucleus. Clearly f topes by performing comparative measurements of the
increases asymptotically as a function of temperature with recoil-free fractions for 57Fe implanted into a film of NPD
increasing Op. For pure samples of materials containing only and for iron foils enriched in 57Fe.
the nuclei of interest for M6ssbauer spectroscopy, typical The 57Fe implanted sample was prepared by depositing a
Debye temperatures are on the order of a few hundred de- 1 Am thick film of nanophase diamond on a Ti substrate with
grees Kelvin. a diameter of 25 mm and a thickness of 3 nun. Titanium was

In contrast, natural diamond has a Debye temperature of chosen since its bonding properties to NPD films have been
9D= 22 3 0 K, the highest in nature 2 It is therefore one of the characterized and reported in the literature.' 3 The bonding of
most attractive of the host lattices with the potential for sup- NPD to Ti is particularly strong because of the formation of
porting Massbauer nuclei. Because of the convenience aris- an interfacial layer of TiC which is 20-30 nm thick. After
ing from the use of a single device to accelerate ions, sepa- deposition, the film was ion implanted with 5X1016
rate isotopes, and decelerate the desired fraction, our atoms/cm2 of isotopically pure "Fe at an energy of 20 keV.
interests have been focused upon implantation as a means of The iron atoms penetrated to a depth of approximately 20 nm
introducing M6ssbauer nuclei into hosts. Numerous studies in the film as determined by Rutherford backscattering spec-

troscopy (RBS) and represented a concentration of about
8Pte=M addmw Advanced Matedals, Varn W. IMO iaduarhi G 10%. With an effective implantation area of 3.3 cm2, a total
•X 75046-9015. mass of 15.5 mg of "Fe was present in the sample.
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In order to account for the effects of 57Fe impurity at- 32ooo 1 1�- - - • T- -, -a - ,
oms in the NPD matrix, it is customary to define an effective -
Mossbauer Debyc temperature, O which, for a monatomic, 3o00o0.

regular lattice is given byI'V7

30G. 1

)t10=, (2) • 29000o ,

where 01) is the Debye temperature of the host lattice, and
ya, y are the force constants for the interaction between the 270001

host atoms and impurity atoms of mass min and m. respec-
tively. As a first approximation, we assume that the force 26000 I

-50-40-30-20 - 0 00 1 0 20 30 40 50
constants are nearly equal.- 5t 6 In the case of the implanted Vclocity (mm sec)
NPD sample. in, = 12 amu for the C atoms, and in = 57 amu
for the 5 Fe atoms. Setting y= y, we find that the Debye FIG I Conversion electron Mo%,bauer ,pectrum of 5X III` atoms./cm- of

temperature for the NPD lattice is a factor of 2.18 more than "Fe implanted in a I jum thick him of nanophase diamond Alter implan-
the average effective Debye temperature of the iron sites, as tation the sample was ovcrcoated with 47 nm of NPD to partially repair

would be determined from the M6ssbauer effect. implantation-induced damage. The spectrum is compostd of three lines, a
symmetric doublet with a quadrupolc splitting of I11850 mm,'s and an isomerIn addition to the reduced effective Debye temperature shift of +0.062 mm/s due to atoms in low symmctry interstitial sites and a

for the 57Fe, the relatively low number of atoms implanted in singlet with an isomer shift of -0.326 mm/,, which can be attributed to

the diamond film, combined with the presence of the Ti sub- nuclei in high symmetry substitutional sites in the sp' hard nodules. The

strate, made the use of standard spectroscopic techniques re- source was 
57

Co(Pd) with a nominal activnt, of 2 mC.

lying on the transmission of gamma rays impractical. To ob-
serve the resonant effects produced by the 57Fe nuclei the additional advantage of canceling errors due to purely
required the use of a backscattering technique. In this work, instrumental effects.
both conversion electron M6ssbauer spectroscopy (CEMS) Data were collected for a variety of calibration foils hay-
and photon scattering techniques were used to collect data ing different masses of 57Fe. The total counts in the reso-
for the f measurements. The CEMS is advantageous because nance lines were plotted as a function of the total mass of
of the large internal conversion coefficient for 1"Fe. How- 5"Fe in each sample. This calibration curve is shown in Fig.
ever, it is only sensitive to a small surface layer in the sample 2. As expected, the count rate increases linearly with the
with a thickness on the order of the mean escape depth for amount of 57Fe in each sample. The total signal count rate for
electrons in the material. For conversion electrons in metallic the 57Fe implanted in the nanophase diamond film is plotted
iron, this depthl8 is 57 nm and is probably greater in NPD. against the calibration curve and direct comparison indicates
Since the thickness of the implanted layer is only 20 nm the that the fluorescent signal from the 17Fe in the nanophase
mean escape depth is greater in either case. diamond is greater than would be expected for a correspond-

M6ssbauer spectra were collected using a He-CH4 gas ing metallic absorber having the same number of M6ssbauer
flow proportional counter with an approximate flow rate of 5 nuclei. From the calibration data with fF,=0.6 9 , a value of
ml per minute of 4% CH4 in He. A typical M6ssbauer spec- fdi_=0.94-0.06 is obtained. This value for the recoil-free
trum of the 57Fe in NPD sample is shown in Fig. I directly as fraction corresponds to an effective Debye temperature of
measured. The spectrum consists of two components; a
quadrupole split doublet and a singlet. The doublet appears
to arise from iron atoms located in low symmetry or intersti- 10.00
tial sites between the sp3 nodules whereas the singlet cone- Calbr*Uon Curve for Resonant Scattering

sponds to substitutional or high-symmetry sites in the sp3 
. . of "re ,n Met,,, n i

hard nodules themselves.4  a 1.00-

A relative measurement of the recoilless fraction for the 
a a-I

"57Fe in NPD was made using the photon scattering geometry. 0.10
This arrangement was used because it is sensitive to the en- 0 g- t

tire volume of the sample, unlike CEMS. The measurement -
was performed by comparing the resonant scattering inten- 0.01
sity from the implanted NPD sample with that from metallic in

irn targets having a known recoil-free fraction of f=0.69 at
room temperature." The same 5Co(Pd) source was used for 0.00
all of the targetsX2' and made the measurements indepen- t 100 1000 10000

dent of its. recoil-free fraction. The recoil-free fraction of the g of 57Fe

NPD sample was detennined by comparing the experimental
FIG. 2. Calibration curve for the resonant counting rate of the metallicrm under the resonance peaks in the specta Ts COMPn samples as a function of the mass of Missbauer nuclei contained is ihe.

son is based upon the assumption that such an optically thin From thee data dhe lower limit on the recoil-free fraction of the atmapham
sample is free from spurious additional absoptions and has diamond film is f-.o.94±-o.o6.
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Om =-523 K for the "Fe atoms in NPD. Using Eq. (2), we doped to a concentration of 10 Fe. Such high concentra-
obtain a Debye temperature of 1140 K for the NPD film lions over larg; areas of natural diamond would seem to lie
itself. By comparison, the Debye temperature for metallic Fe outside the realm of practicality. Moreover, the use of NPD
is 470 K.2  may support the implantation of other Mossbauer nuclei such

Although the measured Debye temperature for the NPD as "'"Sn and '25Te. If comparable successes were realized the
lattice is much greater than that for typical metallic host ma- recoil-free fractions would he --0.7 at 300) K in both cases.
trices, it is still below the Debye temperature for natural The authors gratefully acknowledge the support of this
diamond- A possible explanation for this is that the implan- work by SDIO/TNI through NRL and preparation of the
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Absolute calibration of low energy, thick target hrcmsstrahlung
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(Recenscd , April 1991)

the aipplhcahuhlit of the Monte Ik, pi ogram GLANT3 for the calculation of low energ5 . thick tag.t lit htemss.irallntnig is

investigated. The icsults ot (&LANI3. version 15. shoi very' good correspondence to those of the well establi,hed fGSA odcd In
contrast it is shmn that GLANT3. version 11. leads to erroneous angular distributions. hotil intensities and e Ieni spCcn.1l .hapcs

for angles far from the critical angle. The use of the 'l"n( y,-y')1i
5ln' reaction for an absolute calibratitoin of brenssrahhtt

spectra is also dcrnunosir.sed. This method relies on the reconstruction of the isomer yil.d excit•alon tunown lion) oi set it '11)
levels with well characterized properties. It can he utilized for continuous photon spectra up to aibout 3 Me,.

1. Introduction In NRF experiments independent data of 'refer-
ence" nuclei with well measured transition strengths

Recently considerable interest has been shown in covering the relevant excitation energy region can bc
the field of resonant photoabsorption experiments us- used for a sampling of the unknown photon spectra

ing thick target bremsstrahlung with energies of several and for a normalization of the flux. It was found [ 16.171

MeV. This has been motivated by the discovery 11] of that a simulation with the MC program GEANT3 [18]
low-lying collective magnetic dipole transitions, the so described the shapes of the forward thick target

called "scissors mode" f2], as well as the observation of bremsstrahlung spectra rather well. However, investi-

enhanced electric dipole transitions in heavy deformed gations of the photoexcitation of isomers usually in-

nuclei [3]. For both problems nuclear resonance fluo- volve more complex geometries which lead to a sensi-

rescence (NRF) provides an ideal experimental tool [4]. tivity not only on the spectral shapes, but also on the

Another field of experimental activity is the investiga- spectral distributions. Additionally, the total flux must

tion of resonant photoexcitation of isomers [5] which be known to calibrate the experimental results (see e.g.

has an impact on fields as varied as -y-ray laser re- refs. (5,13D). In this work, the analysis was based on

search [6], nuclear astrophysics [7-10] and nuclear another electron-photon shower MC program, EGS4
structure [11-14]. [19]. The code is widely used in medical physics and its

While the study of (Y,'y') reactions has a long his- basic correctness has been verified experimentally [20].

tory, its usefulness has always been hampered by the A thorough comparison of the results obtained with
lack of experimental methods with adequate accuracy both programs for identical geometries revealed mas-

for an absolute calibration of fluxes and spectral distri- sive differences which questioned the conclusions

butions of intense photon continua. Commonly these drawn in refs. [16,17]. Therefore, one purpose of the

continua are thick target bremsstrahlung or Compton present work is a detailed presentation of results from
spectra of strong radioactive sources. It has therefore the calculations of thick target bremsstrahlung with the
become increasingly popular to use Monte Carlo (MC) MC codes GEANT3 and EGS4. In particular, results
simulations which provide an appropriate solution even from the recently released version 15 of GEANT3 are
for complex geometries [15]. compared to those of the earlier version 11, on which

the calculations described in refs. [16,171 were based.
* Corresponding author. In the second part an experimental method for the

** Work supported by the Bundesministerium fu-r Forschung absolute calibration of thick target bremssstrahlung

und Technologic (BMFT) under contract number spectra applicable up to endpoint energies E 0 - 3 MeV

06DA6411 and by the Department of Defense through the is presented. It relies on the measurement of the yield

Naval Research Laboratory,. excitation function of the "5sn isomer obtained in
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SSDI 0168-9002(93)EI089-G

45



I 2h, loa,~,in~~ (.c iI/, w k (m,: i l n All-it , in On ,IR, 4 ?' ?S f 1944f

tirfmsstrahlung ilradiatiol. ",illt skal.in, 'ndpoint en- ahoac enicrgie• wciC .il.' i t\ tilk hc hom ltli d.lt.i
crg i 112.211 The impoltanic oit accurate methods for aniiaktisl o the pihoi ,ii C.001 iipielts 11C- 14 ?'I!
the absolutic calibr;iin olf Conlinuou% photon %pCctra her-lit iic mlormatminil. o\lci Cligtgic %,,, -:
might bc interrid from lablh I at ref. 1221. There. all nccded. lOtl ,a tst o(Ih thie plgliills (to\l iit) I II,-h Y

available dalt on the pholi-otxcilatin tit 'i n"' through cnergil%. a s.pcratlc ltl Iý%.i pIlltolliliel %%l1 i1 lot
a single intermediate level at 10178 kcV are summa- kcV for an election encic' of I McV
rizcd. This reprcsents thc m•st studied photoexcitatiorn Angular dlklitbl.ut ionS at the Cd 1g1V I'lAili ted

reaction in the literature. Yet. the large scattering of bremstrahlung flux arc displavcd in Fig. I loi tIhc
liss sections even in this paiticularly simple casc i\ various clectron energice, In thiN anild the folhoming
,,vious, figures EGS4 results tic displ;i.rtd .is solid finds.

Furthermore, the method pro\idcs a valuable toot GEANT3.11 as dotted and GEANT3.15 as daislhd
for the characterization of nuclear simulators where lines. Note that the data for \set, ,nmitl angles Mi1 2 I

the extremely high dcose outputs in a single cycle dis- arc felt out. Thev stlir\ ~lii-c" fluielt'lllotion bllecaus, ol
able many conventional calibration methods 123). A poor statistics combined silh ai larige areal %cighlitii.
similar application for photon energies limited to E, - factor in the conversion oih radial it, angular dist iii
1.5 MeV and using photoexcitation of the 7Sc and tions. The differences obtained \illt GEANT3.11 and
"'Br isomers is described in refs. 124.251. EGS4 are dramatic. The GEANIN I1 aingular dtsililu

tion is very narrow with a maximum roughl\ tit OI
critical angle . = inmc'/E, and a minimum undcr 0I

2. Monte Carlo simulations in contradiction io experimental results for thick target
brcmsstrahlung 1151. Oni the other hand the impiored

Simulations of thick target bremsstrahlung were GEANT3.15 version shows very good agreement with
performed with the MC codes GEANT3 and EGS4. EGS4. Differences are observed at small anglce only
These codes include all electron/positron and photon where EGS4 intensities tend to be somewhat higher.

interactions relevant at MeV energies. The experimen- but typically less than 10% except for the E, = I MeV
tal setup is represented by building blocks of various results.
basic geometries which can consist of different materi- In Fig. 2 the total intensity radiated into the 80'
als. Because of the significant differences between the opening angle is depicted as a function of electron
results of EGS4 and GEANT3, version 11 (or briefly energy E 0 . While at the highest energy reasonable
GEANT3.11), calculations with the improved version agreement of all three calculations is obtained,
15 are also presented. The incorporated geometry re- GEANT3.11 leads to significantly larger intensities with
produced the bremsstrahlung facility 114] at the injec- increasing deviations towards lower energies. The
tor of the S-DALINAC electron accelerator in Darm- GEANT3.15 and EGS4 curves are very close except for
stadt. It consisted of a 100 j.m A] vacuum exit window, at E0 = I MeV where the former calculation is about

an air path of 2 cm and a 3 mm thick Ta radiator which 25% larger.
is capabable of a complete stopping of electrons with Bremstrahlung spectra for E0 = 3 MeV correspond-
energies up to 9 MeV. Based on experimental findings ing to different angular regions are displayed in Fig. 3.
a beam spot of 2,jnm diameter with a Gaussian distri- Again, excellent agreement of GEANT3.15 and EGS4
bution was assumed for the electrons incident on the is observed, in particular for smaller angles (upper two
radiator. Further details of the experimental environ- figures). At larger angles (lower two figures) EGS4
ment can be found in Fig. 1 of ref. [14]. The spectral predicts slightly higher intensities near the endpoint
distributions were recorded an a circular plane at a energy. The shape of spectra calculated with
distance of 4.77 cm at which a radius of 4 cm corre- GEANT3.11 is much too steep at larger angles. How-
sponded to an opening angle of 800. ever, the total spectrum is dominated by the most

Calculations were performed for electron energies forward angles and in the region around the critical
E0 - 1, 2, 3, 5 and 7 MeV. In most cases the spectra angle the spectral shape produced with GEANT3.11
correspond to 107 initial electrons which were sampled coincides reasonably well with the other results. At
with 50 keV binsize. Polynomials up to fourth order other electron energies a behaviour similar to Fig. 3 is
were then fitted to the histogram spectra to average observed. Thus, despite the erroneous description of
out statistical fluctuations and show the main features the angular distributions and total fluxes the conclu-
more clearly. For the 1 MeV calculations the number sions of refs. [16,17] are not affected, since they de-
of triggers was increased to 4 x 107 in order to keep pend on only the angle integrated shape.
statistical errors at a level comparable to the higher The results in Figs. 1-3 demonstrate a very good
energies. Below an energy cutoff E, - 600 keV the correspondence of the GEANT3.15 and EGS4 results.
computations were stopped for electrons and photons. Because of various inherent approximations in the
This threshold was chosen since EGS4 spectra for the codes the comparison is most critical at low electron
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Fig. 1. Angular distrihutions relative to the beam axis of the the GEANT3.1I results as dotted lines and the ([-ANT• •
energy-integrated bientstrahlung intensity from a 3 mm Ta results as dashed lhnes
radiator and for electron energies E0 = 1, 2, 3, 5 and 7 MeV.

The EGS4 results are displayed as solid lines, the GEANT3.1 I
results as dotted lines and the GEANT3.15 results as dashed sity of the GEANT3.I5 spectrum is about 3IV'+ larger

lines, as already seen in Fig. 2 and in the 400-81K) ke\,
region the spectrum decreases faster than the EGS4
results. Close to the endpoint energy a larger relativeenergies. Fig. 4 presents angle integrated sp~ectra for yield is observed with EGS4 in accordance with the

E0 = 1 MeV calculated down to a cutoff Ec = 10 keV. general trend in all calculations.
Because of self absorption in the thick target no pho- For comparison, the analytical approximation of
tons are registered below 200 keY, The overall inten- Schiff [271 for thin target bremsstrahlung into forward

direction is shown as dashed-dotted line. The thin
target assumption limits the comparison to energies

S~lar to the findings of ref. [16] at higher electron ener-
0 6 10-' gies the MC spectral shape at intermediate energies is

10-
well reroued obtthe hihEnergy pat s evrl

S14F3. Experimental bremnsstrahlung calibration with the

""G E 3-al The photoexcitation of isomer proceeds via reso-
"er fnant photoabsorption into higher-lying intermediate

.1.. . ..... ,states (IS) which subsequently decay with a certain
1 2 3 4 5 6 7 probability to the metastable level, either directly or in
Endpoint Energy (M4eV) a cascade. In the case of a continuous photon source

radiatoke andstalug foorrto electro enegie enrg =a,2nd nd7M

Ftg. 2. Total intensity of the bremsstrahlung emitted in a 80 lk"rmstalnifrmto bu teeeg n
forward opening angle as a function of electron energy. The integrated cross sections of IS can be obtained from
EGS4 results are displayed as solid line, the GEANT3.11 the isomer yield excitation function [5,8,11-14,26]. Al-
results as dotted line and the GEANT3.15 results as dashed ternatively, if the relevant properties of the IS are

line, known from other experiments the measured yield can
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C ý%II ichI ssOUld Inhibit the usc oif Eq. (2). are not consid-

10 L'~k J (liIn' Of iniportait itonret-ciflaf etintibution'
-~~ ~I.. 2N))I tio Ii,iphtoiecitciiiin Of isotincis Ii~iic ictcnitil

200 ~~ ~ ICI 'I( 0 0 c ii ipiosen 1301 and shown to hase rc'ullcd front
20 00 60 0 thtc oniissioli Of tnt crnsc con tr hu otisw to t hc phiotoin

[Pj t ari Energy (ke V) ficld, in thosc experiment,, due ito ensIM10nicntIf(

Fig 4. Angle-intcgratedI hrvnissiiahlung spectra fur E, I Coumrpton scattering.

MeV The histogranm binsize is 10 keV. The cutoff eneigs ti Thc intcgrated cross section ol an IS is, tclaitcd to its

the calculatioinS s %%jiloered it) E, = 10 keV. The EGS4 tesci proper-ties bs.

result% are disphiaed aN Nolid histogram and the GEANT., tIs J
results a' dashed hisiogtiam The dashed-dotted line corre- 01,,Y -

ponds to a calculation Aith the Schiff formula 1281 for a thin f, 2J,' (
target. .,IN~ are the s[pin.s of the g.s and the intermediate state.

I describes thle total width and b(,, b,_, denote the

branching ratio-, for decay into the g.s. and tsomeric
state. respc~tive'ly. If the relevant level properties r,

be utilized to deduce the photon field 4(P(0, ER, E0 ) ti, b.~,, E, and J of all intermediate levels arc known,

for a given endpoint energy E0. Here, 69 is the angle Eq- (21) can be inverted and information on the spectral

relative to the incident electron beam and ER. repre- intensities at the resonance energies can be extracted.

senits the energy of the resonant IS. As described For 'Ii~n the available data base 1311 provtdes a comn-

below, the latter method is applicable for the plete characterization of all levels contributing to the

1Itsn(-y..y')ttiJnm reaction at photon energies up to tsomer yield up to E. = 1.65 MeV. The adopted data

3 MeV. and derived integrated cross sections are summarized

An investigation of the '"in isomer photoexcitation in Table 1. A theoretical yield function can be con-

was performed for electron energies E0 = 2-6 MeV at structed from the MC photon spectra and tes: d against

the injector of the S-DALINAC electron accelerator the measured results.

1281 in Darmstadt. Disks of nominally 1 g of natural This method was used in ref. [121 to determine the

indium with a diameter of 3.8 cm were placed in the contribution of low-lying levels and to extract informa-

beam direction at a distance of 6.43 cm from the tion on previously unknown IS at higher excitation

converter. After an irradiation of typically 4 hl with an energies. Here, we are concerned with the quality of

average electron 'current of 20 pA the characteristic reproduction of the experimental yield curve at low

isomeric transition (E = 336 keV, T1,, 2 - 4.486 h) of Table I
tt51in was recorded with a Ge(Li) detector. T7hese val- Properties of th51n levels contributing to the population of the
ues were transformed into yields including the correc- 0.336 MeV isomer for E,:5 2 MeV (from ref. (311)
tions described in ref. 181. A detailed description of the
data analysis can be found in ref. [21J. E, J- Tt,2, b, bi,,0  (a F).

The isomeric yield Nt can be expressed as (MeV) (os) M% M% (meV b)
g.s. 9/2' 6x 10' 4 4 - - -

E d4'(E, E0) 0.336 1/2- 4.486 h - - -

N1 -- r = afl NTEo (1) 0.934 7/2 * 57(7) 99.3(3) 0.5(2) 0.0133012)
(E ) d E E,0.941 5/2- 15.1(1.4) 88.0(6) 12.0(16) 0.83(8)

1.078 5/2- 0.99(5) 83.4(6) 15.5(4) 118(6)
where NT denotes the number of target atoms, d0/dE 1.449 9/2' 0.35(4) 84.7(7) 0.2(l) 3.304)

describes the spectral intensity per energy of the phoi- 1.463 7/2* 0.063(10) 93.5(7) 0.91(8) 89(14)

ton field for an endpoint energy E0, and of(E) is the 1.486 9/2- 0.44(6) 79.6(6) 0.45(9) 6.5(9)

resonant absorption cross section. Note that the 69 1.497 7/2- 0.167(20)' 78.1(8) 21.9(8) 639(80)

dependence of the spectral distribution is implicitly 1.608 7/2 '0.113(18)2a 69.0(7) 4.8(2) 160(26)

considered in the definition of the target geometry in aPartial g.s. width from ref. 132J, branching ratios from ref.
the MC calculations. 1311.
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Fig, 5. Yield excitation function of the ''ýln(-y-'y)1`ln" rcti( 4. Discussions and conclusion%
tion- The solid line describes a calculation using the energics
and integrated cross sections of Table I and GF3ANT3 14 T-he present work addresscN mso questions related
bremsstrahlung spectra. The dashed lines give the relative it) the problem of an absolute c~alibratuin of thick

error of the data summarized in Table I target brcmsstrahlung for election energies ot sescial
MeV. The calculation (if fihe electron-photon cascade

energies using the MC generated photon spectra. Fig. %tith the MC codes EGS4 .ind GEANT3 are compared
5 displays the data and theoretical results (solid line) While the results of EGS4 are reasonably .erificd
using the GEANT3.15 spectra described in section 2 - against experimental results 1201. no such tests hase
The dashed lines give the relative error of the calcula- been reported to date for this application of GEANT3
tion introduced by the experimental data of Table 1. The Figs. 1-4 demonstrate the extreme differences of
Since the lowest technically feasible electron energy GEANT3, version 11, compared to EGS4 in all but
was E0 = 2 MeV and the level information above E, = one aspects: the angle integrated shape of the
1.65 MeV is incomplete, some problem could arise bremssirahlung spectra agrees reasonably well. Thus.
from the presence of additional, yet unknown IS with concerns about the use of GEANT3. 11 spectra in the
1.65 :sE,: •2MeV. However, Fig. 5 clearly shows that calibration of NRF experiments (16,17] are removed.
the yield variation for E0 = 2-2.8 MeV is well de- On the other hand, results obtained with GEANT3.
scribed by the calculations including only the IS of version 15, reveal very good agreement with EGS4 over
Table 1. We conclude that no additional IS with a most of the investigated energy range. At energies
significant contribution to the isomer yield is present Ell Ž 2 MeV the remaining differences are small enough
up to 2.8 MeV excitation energy. The clear break in to permit interchangeable use of the results obtained
the excitation function at 2.9 MeV is attributed to a with both programs for most practical purposes. It
new IS (see ref. (121). seems worthwile to extend the test of GEANT3 to

Ile other important criterion is the reproduction higher energies used in medical applications, since a
on an absolute scale. If one performs a least-square fit recent comparison of the 10-30 MeV region reports
to the experimental data points below 3 MeV, an considerable differences between EGS4 and other MC
overall normalization factor F - 1.27 results for the codes 1331. The differences observed at low energies
GEANT31.15 spectra. The corresponding result with might be partly due to the fact that EGS4 neglects the
EGS4 spectra is F - 1.13. Due to problems described Coulomb correction (Elwert factor [341), which in-
below a systematic error of ±30% must be assumed. creases the cross sections considerably at E0 = 1 MeV,
Within this error, calculations with EGS4 and while GEANT3.15 is based on the recent parametriza-
GEANT3.15 are able to quantitatively describe the tion of bremsstrahlung cross sections of Berger and
yields obtained for the itIn(.y,-yTv5Itn1 reaction. Seltzer [351 using exact partial wave calculations 136] at

The main contribution to the error comes from the energies below 2 MeV.
efficiency calibration of the Ge(Li) detector. The 1151n An experimental method for absolute calibration of
isomeric decay was measured in close proximity (the thick target bremnsstrahlung spectral distributions with
disks were placed on the detector cap) which leads to a endpoint energies up to about 3 MeV is presented. It
Wtong sensitivity on detail of the detector geometry. relies on the measurement of the excitation function of
The energy dependence of the detection efficiency was the it5In(.y,-y')ttsInm reaction. Since the properties of
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Low-energy conversion electron MOssbauer spectroscopy using
a chevron microchannel plate detector

T. W. Sinor, J. D. Standifird, K. N. Taylor, C. Hong, J. J. Carroll, and C. B. Collins
Center for Quantum Electronics. University of Texas at Dallas, P. 0. Box 830688. Richardson. Texas
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A detection system for conversion electron Mossbauer spectroscopy is described. A chevron
microchannel plate assembly attached to a two-stage electrostatic lens is used to preferentially
detect electrons with energies <15 eV. M6ssbauer spectra collected with these electrons can
provide information about a variety of solid-state surface phenomena.

1. INTRODUCTION II. EXPERIMENTAL DETAIL

Conversion electron Mossbauer spectroscopy-4 A. Apparatus

(CEMS) is a low-noise spectroscopic technique based on Figure 1 shows the experimental arrangement used in
the detection of conversion, Auger, and secondary elec- these measurements. A "Co( Pd) source with a nominal
trons emitted from a material as a result of the de- activity of 10 mCi was mounted on a Doppler motor ex-
excitation of Mossbauer nuclei. It provides information ternal to the vacuum chamber containing the sample and
about the environment in which these sensitive nuclei are electron detector and provided the 14.4-keV M6ssbauer
embedded. However, the range which can be probed with radiation. To optimize the passage of resonant y rays into
the method is limited by the escape depth of the electrons the target chamber a thin entrance window was con-
in the material. For 57Fe the mean electron range in me- structed from titanium. The 14.4-keV y rays were only

tallic iron has been reported to be 57 and 36 nm for the 7.3 slightly attenuated but the window efficiently filtered out a

and 5.4 keV conversion and Auger electrons, respectively.I significant number of the lower energy x rays that were

It has been shown that the component with energies < 15 produced by the decay of source nuclei. Without filtering,

eV comprises about 50% of the total signal and provides these x rays would have seriously degraded the perfor-

information from the top 5 nm of the sample.5-7 Because mance of the detection system.

the range of those electrons is so short, they can provide Low-energy electrons emitted from the target were col-

specific information about a variety of solid-state surface lected with a two-stage aperture lens. The MCP, target,

phenomena and aid in the characterization of implanted electrical feedthrough, and electrostatic lens were mounted

layers.&'' 0  as an integral unit on a 6-in. vacuum flange. This provided
In this article we'discuss the design and construction of for convenient mounting and removal of the entire assem-In tis rtile edicus th deignandcontrutio of bly from the vacuum chamber for adjustments to the target

a relatively simple spectrometer that was used to selec- geometry. The angular position of the Mossbauer target

tively and efficiently detect this low-energy component. It wespetr to the direction of the s c rswas ad-

was based upon a chevron microchannel plate (MCP) as- wt epc otedrcino h oreyry a d
wasbbasedtupon achivevronamierochannemplatserveCP as- t justed by rotating it about the vertical axis. Data were
sembly with an active diameter of 25 mm that served as the typically collected with the target at a 45" angle with re-

detector. A two-stage electrostatic lens was used to prefer- spict o the tand t incident wition.

entially focus and accelerate low-energy electrons from the spect to the detector axis and the incident radiation.
The chamber was initially evacuated with an Alcatel

target to the detector. This acceleration increased the en- CFF-450 turbomolecular pump (TMP) to a pressure of
ergy of the electrons to a level more compatible with the tibout 3 X 10-7 Torr. However, vibrations from the TMP
sensitivity of the input microchannel plate. seriously degraded the resonant absorption in the absorber

The detection of higher energy signal electrons, which and ciuld not be A:sed to maintain the vacuum necessary to
escape from and provide information about deeper regions operate the chevron. To provide for vibrationless pumping,
of the target, could serve as a source of "contamination" to a 140 els Varian diode Vaclon pump was used to maintain
the signal in that they carry little or no information about the required pressure of 2 X 10-6 Torr. It is important to
the surface effects being investigated. The number of these note that such pumps operate by ionizing gas in a magnet-
electrons detected was reduced to negligible levels by min- ically confined cold-cathode discharge. Thus proper pre-
imizing the geometrical solid angle between the M6ssbauer cautions had to be taken to prevent neutral and charged
target and the MCP assembly. This was possible since the particles, as well as hard ultraviolet radiation from escap-
trajectories of the more energetic electrons were not signif- ing from the VacIon pump and degrading the performance
icantly focused by the relatively weak electrostatic fields of of the detector. To avoid this difficulty a line-of-sight baffle
the lens. was used that consisted of six successive aperture plates.
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FIG. 1. Schematic diagram of the experimental arrangement. FIG. 3. Circuit diagram of the supporting electronics for the chevrOn
microchannel plate assembly.

This was inserted between the Vaclon pump and target
chamber with the apertures staggered in a helical pattern.

B. Lens design aday shield isolating the lens elements from the ground

The structure and dimensions of the lens used in this potential of the chamber walls due to the inclusion of end-
work are shown in Fig. 2. The steering of the electrons was caps on the assembly. This minimized the number of noise
performed primarily by the potential gradients established photoelectrons produced inside the chamber that entered
between two annular rings mounted inside a wire cylinder, the sensitive region of the detector.
The rings had a common outer diameter of 12.7 cm and To model the lens and to determine the optimum po-

inner diameters of 2.5 and 6.4 cm, respectively. The overall tentials for the various elements the program EGN2C was
length of the lens was 14 cm. It not only served to focus employed which is traceable to SLAC." This program is
and accelerate electrons to the detector, but also as a Far- designed to calculate trajectories of charged particles in

electrostatic and magnetostatic fields and is capable of in-
cluding effects due to space-charge and self-magnetic fields.

loddat Mediata In this work these effects were not investigated. Input to
0. am" ' am the program included electrode boundary conditions and

- w- ery2initial conditions for electrons emitted from the surface of
- ~ ~ ~ 2 /m : ' C rd.(17 the target./C rd(1"V Various electron emission configurations including

Ia. Mmn 31 plane waves and point sources were simulated for electrons
with energies ranging from 15 eV to 7.3 keV. Biases were

- ----- I laa Aaiiy found that achieved an effective solid angle for collection of
nearly 2vf steradians for electrons with energies below 15

a [eV and are indicated in Fig. 2. A circuit diagram of the
1 (-1771 V) supporting electronics for the MCP assembly is shown in

1, , ,111010 mmte Fig. 3. Simulations indicated that the lens had a negligible
6.,4 LA I -effect on the trajectories of electrons with energies greater

--_ --------. ..-.... . than about 100 eV for the biases used. The detection effi-
- .- -. , ciency for these electrons was then solely defined by the

I-BJ,. 1geometrical solid angle between the detector and the tar-
get.

FIG. 2. Drawing of the two-element electron lens designed to efficiently
collect electrons having energies 4 15 eV. The steering of the electrons was
performed primarily by the potential gradients established between R, C. Noise reduction
and R2 . With the inclusion of the endcaps on the assembly, the lens
system not only served to focus and accelerate electrons to the detector To obtain Mossbauer spectra with large signal-to-noise
input plate, but also as a Faraday cage in shielding the lens elements from ratios, proper collimation of the source was critical to re-
the ground potential and noise electrons of the chamber walls. The opti- duce nonresonant scattering inside the chamber. Various
mum operating biases for the lens were found to be Vt1= -2817 V,
Vta=-1967 V, and Va=--2757 V when the chevron was operated at collimator designs were used in these experiments but the
-- 1616 V and the MCP grid at -1870 V. best performance was realized with a 1.25 cm thick lead
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400.o enriched to 93.55%. For purposes of comparison, data
350 (a) were collected with the electron lens operating in an "ac-

o tive" mode at the optimum potentials for low-energy elec-
trons and in a passive mode where there were no acceler-

" -,o ating fields. Data collected with the lens in the focusing or

5, , . active mode are shown in Fig. 4(a). The total collection

too , time for the data was 3.44 h and the total signal counting
0: '' .. , -' ,/ . .. rate was 2.47 counts per second. The data with the lens in

50 -711 the passive, field-free mode are shown in Fig. 4(b). There
-8 -6 -4 -2 0 2 4 6 a the signal counting rate was 0.087 counts per second. The

Velocity (rnm/s) data were collected five times longer than the correspond-
ing data with the lens active to obtain reasonable statistics.

400 -. Operation of the lens in a passive mode helped deter-
350 mine the geometrical collection efficiency for the system. In
300o (b) this geometry it was concluded from the data of Fig. 4 that

250o the lens increased the signal count rate by a factor of 28

200 while the background signal increased by only a factor ofS20o i 11 . For the biases used in the active mode the trajectories

of the higher energy signal electrons were defined solely by
10o 0 the geometrical solid angle between the target and MCP
50 .assembly and were the same for both bias configurations.

-8 -6 -4 -2 0 2 . . . . . This contribution to the signal counting rate could have-8 -6 -4 -2 0 2 4 6 8
Velocity (mml/st been reduced further by simply increasing the distance be-

tween the target and detector assembly.

FIG. 4. Conversion electron Mdssbauer spectra for a 93.55% enriched
"Fe target: (a) Lens in a focusing or active mode and collected for 3.4 h IV. DISCUSSION
with a counting rate of 2.47 cps. (b) With the lens in a passive, field-free
mode o•ssessing no focusing or accelerating properties (he signal count- Detection of electrons with energies < 15 eV can.pro-
ing rate dropped to 0.087 cps. The data were collect five times longer than vide detailed information about a variety of surface phe-
in (a). The geometrical collection of the lens accounted for less than
3.5% of the signal when the lens was operated at optimum biases. nome in the top a cm of a m r. ts tic whave described the design and construction of a detection

system for conversion electron M6ssbauer spectroscopy.
This device preferentially detects electrons with energies

plate that had a circular aperture at its center. The aper- < 15 eV and has the potential for providing a simple alter-
ture was tapered so that its diameter increased in the di- native to more complex and expensive electron detectors
rection of propagation of the radiation to reduce scattering which are currently used in energy-resolved Mossbauer
from the collimator walls. spectroscopy.

Radiation scattering inside the chamber was mini- It was shown that the detection efficiency of higher
mized by providing an exit window diametrically opposite energy conversion and Auger electrons can be minimized
the entrance window. This window had a diameter of 10 by choosing an appropriate geometry. Numerous computer
cm and was constructed of mylar to avoid significant back- simulations using plane-wave and point-source electron
scattering of photons and photoelectrons. The beam size of configurations showed that the electrostatic lens gave an
y rays from the 57Co source was optimized by proper col- effective solid angle of almost 21r steradians for the signal
limation to illuminate the entire target without expanding electrons having appropriately low energies.
to a diameter that would impede its exit from the output Although not pursued in this work, it is possible with
window. the current design to collect virtually all the electrons emit-

To further reduce scattering in the system the lens was ted from the target. This could be accomplished if the
constructed from a copper mesh which had an open area of potential difference between the input of the chevron and
69% and a wire diameter of 250 ism. Perturbations of the target foil is made sufficiently large. Furthermore, if a re-
electric field resulting from the use of a mesh instead of a tarding field analyzer is positioned between the target and
continuous sheet of metal have been shown to be negligible MCP the lower energy electrons can be efficiently filtered
at distances greater than the wire separation.' 2 The per- out.13 In this manner it is possible to obtain energy-
centage of open area was further increased by alternately resolved Mossbauer spectra over a wide range of electron
removing wires in the region of the lens that were in the energies.
direct path of the input radiation.
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Quantum interference asymmetries in the rultiphoton

radio-frequency sideband spectra of 5 7 Fe
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ABSTRACT

We determine the intensity of the nuclear multiphoton

sidebands to the forbidden components of the 14.4 key M8ssbauer

transition in 5 7 Fe, generated by the applicatior f radio-

frequency magnetic fields to ferromagnetic sample. in the

presence of static magnetic fields. Further we determine the

intensity of the second-order sidebands to the 14.4 keV

transition in the case known as the radio-frequency collapse,

when the entire hyperfine magnetic field acting on the 5 7 Fe

nuclei follows the oscillations of the applied radio-frequency

field. Then we discuss a number of characteristic asymmetries

due to quantum interference, appearing in the multiphoton radio-

frequency sideband spectra.

*Permanent address: Str. Fizicienilor nr 2, bloc M6, apt. 5,

76900 Bucharest/Magurele, Romania
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I. INTRODUCTION

We consider in this work a class of nuclear multiphoton

processes involving the simultaneous interaction with a nucleus

of a gamma-ray photon and of radio-frequency photons from an

applied oscillatory magnetic field, the intermediate states being

the magnetic sublevels of the nuclear states. The ratio of the

intensity of a two-photon transition to the intensity of the

single gamma-ray transition between the same nuclear states is of

the order of the square of the ratio of the interaction energy of

the radio-frequency magnetic field with the nucleus and the

frequency of this field.

The first experimental demonstration of a nuclear transition

involving simultaneously a gamma-ray photon and a radio-frequency

photon is due to West and Matthias in 1978,1 for the 6.2 keY

state of 18 1Ta under an applied radio-frequency magnetic field of

23 mT having a frequency of 0.94 MHz. A similar nuclear two-

photon process has been demonstrated in 1988 by Ikonen et al. 2 -4

for the 93 keV state of 6 7 Zn under an applied radio-frequency

magnetic field of 13.4 mT at the frequencies 3.1 kHz and 9.3 kHz.

When we consider the possibility to observe such

simultaneous gamma radio-frequency transitions in 5 7 Fe, we have

to take into consideration the fact that the half-life of the

14.4 keY transition in 5 7 Fe is 98 ns, compared to a 6.8 ps half-

life for the 6.2 keV transition in 1 8 1Ta, and a 9.2 ps half-life

for the 93 keY transition in 6 7 Zn. Moreover, the spins and the

nuclear magnetic moments of the ground and the excited states are

respectively 1/2, 0.090pn and 3/2, -0.1 5 5pjn for 5 7 Fe, compared to



7/2, 2.37pn and 9/2, 5.3pn for 18 1Ta, and 5/2, 0.87pn and 1/2,

0.58pn for 6 7 Zn, where pn = 5.05 x 10-27 J/T. Thus, the energy

of interaction of an applied radio-frequency field with a 5 7Fe

nucleus is considerably smaller than the coupling of the same

field to 1 8 1Ta or 6 7 Zn nuclei. Therefore, a two-photon

experiment for 5 7 Fe, without any enhancement mechanism, would

require applied magnetic fields with an amplitude of the order of

0.1 T at a frequency of a few MHz, which is difficult to produce.

However, if a 5 7 Fe nucleus is in a ferromagnetic

environment, the direction of the hyperfine magnetic field acting

on the nucleus is determined by the direction of the

magnetization in the sample, and the orientation of the bulk

magnetization can be controlled with the aid of applied static

and radio-frequency magnetic fields. This approach has been used

by Heiman et al. 5 - 6 who observed the spectrum of the gamma rays

scattered by finely powdered metallic iron under the action of an

oscillatory magnetic field whose frequency of 26 MHz was equal to

the hyperfine splitting of the upper, 14.4 keV state of 5 7 Fe.

The incident gamma rays were themselves resonant to one of the

allowed transitions between the magnetic nuclear sublevels, and

the arrangement has been referred to by the authors as an

excited-state nuclear magnetic resonance experiment. As a result

of the application of the radio-frequency magnetic field to the

iron-powder scatterer, lines appeared in the spectrum of the

scattered gamma radiation at the position of the other known

transitions of 5 7 Fe.



On the theoretical side, the effects of circularly-polarized

radio-frequency magnetic fields on the MNssbauer spectra of 5 7 Fe

have been analyzed by Gabriel. 7

Initially Heiman et al. have tried to use a metallic iron

foil for the scatterer, 8 but they have found that the application

of the radio-frequency magnetic field produced in this case

additional lines at positions which did not correspond to any

known transition in 5 7Fe. They have suggested9 that the

observed sidebands, occurring in a foil but with negligible

intensity in a powder, result from the acoustic vibrations

generated in the foil by the applied radio-frequency magnetic

field. Similar observations have been reported by Asti et

al. 1 0 , 1 1

The fact that the hyperfine magnetic field acting on a 5 7 Fe

nucleus in a ferromagnetic environment can be made to oscillate

between opposing directions by the application of radio-frequency

fields has been demonstrated by the radio-frequency collapse

effect discovered by Pfeiffer in 1971.12,13 He found that, as a

result of the application of an oscillatory magnetic field with

an amplitude of 1.5 mT and frequencies of 39 MHz, 61 MHz and 106

MHz to a 6-pm-thick permalloy foil, the six-line hyperfine

pattern of 5 7 Fe disappeared and has been replaced by a single

central line, accompanied by a number of sidebands displaced on a

frequency scale by multiples of the applied frequency.

Pfeiffer attributed the presence of the sidebands in his

collapse experiments entirely to the acoustic vibrations

generated in the permalloy foil by the radio-frequency field.



However, Olariu et al. 1 4 pointed out that the oscillation through

large angles of the hyperf ine magnetic field acting on the 57 Fe

nuclei, produced by the application of the radio-frequency field

to the permalloy sample, results necessarily in the generation of

nuclear multiphoton sidebands whose transition intensities are

comparable to those observed by Pfeiffer. The fact that the

entire hyperfine magnetic field can be made to follow the

direction of the applied radio-frequency field, and the reduced

amplitude of the mechanical vibrations in the permalloy sample,

due to the small magnetostrictive constant of permalloy, show

that it is possible to observe nuclear multiphoton transitions

for 5 7 Fe nuclei in a ferromagnetic environment.

The radio-frequency collapse effect has been further

investigated by Kopcewicz et al. in ferromagnetic amorphous

metals, 1 5 , 1 6  in FeBO3 , 1 7  and in Fe-Ni alloys, 1 8 with the

conclusion that for sufficiently intense radio-frequency fields,

of the order of 1.5 mT, the hyperfine magnetic field acting on

the 5 7 Fe nuclei follows the direction of the applied field. The

sidebands observed in these experiment have been in general

attributed to acoustic modulation.

As a corollary of their studies on the magnetic modulation

of the phase of 6 7 Zn nuclei, Ikonen et al. 2 have reiterated the

previous prediction1 4 that if the hyperfine field acting on 5 7 Fe

nucleus can be switched between two opposite directions at a rate

determined by the frequency of the applied radio-frequency field,

this will generate sidebands without any mechanical motion.



The intensities of the nuclear multiphoton sidebands for the

six allowed transitions of 5 7 Fe have been calculated by Olariu1 9

for 5 7 Fe nuclei embedded in thin ferromagnetic films under static

and radio-frequency magnetic fields. He remarked that the use of

a thin ferromagnetic film having a thickness of a few thousand

angstroms, instead of a foil, is likely to minimize the

mechanical vibrations, and moreover would allow the determination

with reasonable accuracy of the time evolution of the

magnetization of the sample.

The role played by the spin waves in the generation of the

radio-frequency sidebands has been emphasized by Sinor et al. 2 0

who showed that it is possible to produce a modulation of the

phase of 5 7 Fe nuclei in paramagnetic media by transporting spin

waves of large amplitude from ferromagnetic sources.

The resonance line splitting of hyperfine lines of 5 7 Fe

nuclei in radio-frequency magnetic field, caused by Rabi

oscillations, predicted in a number of papers,7, 1 9 , 2 1 has been

recently observed by Vagizov2 2 and independently by Tittonen et

al. 2 3  Special precautions have been taken in these works to

minimize the mechanical vibrations.

It is apparent from this survey of previous worl• on radio-

frequency sidebands that, while the ferromagnetic foil samples

can provide the required large radio-frequency fields, in the

form of oscillatory hyperfine magnetic fields, the observation of

the nuclear multiphoton processes is often hindered by the ease

with which mechanical vibrations can be induced in ferromagnetic

samples through magnetostriction, especially at lower



frequencies. The importance of nuclear multiphoton processes

becomes apparent when we refer to recent developments in atomic

multiphoton processes, where problems like inversionless

amplification2 4 , 2 5  or electromagnetically-induced

transparency2 6 - 2 8 are under active consideration.

The purpose of this work is to bring into evidence a number

of characteristic properties of nuclear multiphoton processes

involving gamma-ray and radio-frequency photons. Thus, in

Section II we determine the intensity of the nuclear multiphoton

sidebands to the forbidden components of the 14.4 keV transition

of 5 7 Fe, generated by the application of radio-frequency magnetic

fields to ferromagnetic samples, in the presence of a static

field. In Section III we determine the intensity of the second-

order sidebands to the 14.4. keV transition of 5 7 Fe in the case

of the radio-frequency collapse, when the entire hyperfine

magnetic field follows the oscillations of the applied radio-

frequency field. In Section IV we discuss a number of

characteristic asymmetries due to quantum interference, appearing

in the multiphoton radio-frequency sideband spectra.

II. Intensity of the first-order sidebands to the forbidden

e, 3/2 -+ g, -1/2 and e, -3/2 -+ g, 1/2 transitions in 5 7 Fe

The intensities of the first-order sidebands to the six

allowed transitions between the 14.4 keV excited state e and the

ground state g of 5 7 Fe nuclei have been determined in Ref. 19 as

a function of the direction and polarization of the gamma rays

for a linear and a circular polarization of the applied radio-



frequency magnetic field. The transitions e, 3/2 -+ g, -1/2 and

e, -3/2 -> g, 1/2 are forbidden as single gamma-ray processes,

but these forbidden transitions have in general non-vanishing

multiphoton sidebands, the intensity of which we shall calculate

in this section.

The intensity of the sidebands to the forbidden hyperfine

transition of 5 7 Fe has been reported previously2 9  in the

particular case of a linearly-polarized radio-frequency mangetic

field B.", and for a direction of propagation of the gamma rays

which was perpendicular to the static and radio-frequency

magnetic fields. In the previous paper 2 9 it has been also

pointed out that sidebands to the forbidden hyperfine transition

of 5 7 Fe can be identified in the Mdssbauer spectra of 5 7 Fe nuclei

in permalloy recently reported by Tittonen et al. 2 3 The presence

of the sidebands to the forbidden hyperfine transitions of 57 Fe

constitute the unequivocal proof that nuclear multiphoton

processes are inded taking place in 5 7 Fe nuclei subject to radio-

frequency magnetic fields, as predicted repeatedly. 2 ,7, 1 4 , 1 9 , 3 0

We shall determine the probability for the transition

e, 3/2 -+ g, -1/2 in a 5 7 Fe nucleus by the emission of a linearly

polarized gamma-ray quantum, the orientation of the magnetic

gamma-ray field B, and of the wave vector k, being shown in

Fig. 1, under the action of a static hyperfine magnetic field

Bo, oriented along the z axis, and of a radio-frequency magnetic

field having the x component Brf,x cos(wrft) and the y component

Brf,y cos(arft + arf). The positive direction of the z axis is



chosen to coincide with the direction of the static hyperfine

magnetic field effectively acting on the 5 7 Fe nuclei, so that the

magnetic sublevels, in order of increasing energy, are

g, 1/2; g, -1/2; and e, -3/2; e, -1/2; e, 1/2; a, 3/2.

It can be shown that the transition amplitudes bk are

solutions of the Hamiltonian equations

MALb = XFl (t)b. (1)

The non-vanishing matrix elements are given by

. (t) = --- o Y(t) exp(-ioit), (2a)

(t) = Y(t) exp(-iowt), (2b)

F... ( t) = o• Y(t) exp(-iwo~t), (2c)
2Bo Y

. (t) = 2 Boh Y(t)exp(-io/t), (2d)

where

Y(1) = Bf.. cos(co,wt) + iBf cos(ov,•t + a,,), (3)

and by

F = - ABcos(wt + 0,)Zexp[_L (4a)
2 A 2 2 2)]

F,;o_½~(t) = %F2AB, cos(owt + g,)sin Ocosucxp[_{EhE o 0, vj)j (4b)h 2 2 2L



- -52ABCSW+ coz CX[_fE6 - Es + WeWT1 (4c)2. r. sY~ A s7) CX[- 1  22) ]'F,-..it=2 2 2 2 (c

F ( A) = AS( c(t + 0, )Z ex[_(E. - Es D -L T (4d)

F.,(t)= JAB, cos(t + ,)sin Ocos vexp -i + ±S_ +.!LjI} (4e)st 2 2 2

F.t..(t) = - 2AB cos(ort + O,)Z exp - 2 ,_ t (4f)

where A is a reduced matrix element, and

Z= sinqpsin v-cosocosOcosv+i(cossin v+sin m9cosOcosv). (5)

In Eqs. (2) and (4), we, ')g > 0 represent the separations, on a

frequency scale, of the magnetic sublevels of the excited state e

and respectively of the ground state g due to the static

hyperfine field Bo", and r = l1r, where the mean life is r = 1.4 x

10-7 s for the 14.4 keV level of 5 7 Fe. E. and Eg are the

energies of the excited and ground states in the absence of any

applied magnetic field.

The Eq. (1) can be solved by a perturbation series, and the

second-order contribution, which gives the amplitudes of the

first-order sidebands to the gamma-ray transitions, is

I OD t

hs.= - (t)dt, Fk... (4W. (6)
0



Substituting in Eq. (6) the expression of the appropriate matrix

elements from Eqs. (2) - (5), and neglecting non-resonant terms,

we obtain an expression for the intensity of the first-order

sidebands for a linear polarization of the radio-frequency field,

when Brfy = 0, that is given by

=~,-leý (sin' v +cose Ocose v)(j )I±a1_ 04-01\•- 1,•,I=32h 2Fr2 + -Wf- W

(7)

E.-Es 3WS. +
for c2, 2 h 2 2

where the alternate signs should be read along the upper line or

the lower line.

If the radio-frequency field has a right circular

polarization, so that Brf,x = Brf,y = Brf and arf = -7/2, the

intensity of the sidebands, obtained from Eq. (6), is

1(g,-••• _1=°

(8a)

fo y= E. -- Es+ w _!Lh 2 2

j(g,--1e.#\R 2= 3 (sin' v,+cos Ocos2  ( ,f + L .,2 8h,_ ,h ) 0),f- W. + + WS
(8b)

for W_= Eo-Es + 03.)._ W
h 2 2



If the radio-frequency field has a left circular

polarization, so the Brf,x - Brf,y - Brf and Grf = 71/2, the

intensity of the sidebands, obtained from Eq. (6), is

i<1 = 31rA B,2r (Sin 2 o+C oe 9COe t,____ _ _ 0-

(9a)

for w,. =. +E _±s+,
h 2 2

g,- e. 12= 0

(9b)

for E-E, + E .23w.,_wos
h 2 2

It can be shown that the intensities of the first-order

sidebands to the forbidden transition e, -3/2 -4 g, 1/2 are

connectel to the previous intensities by the relations

-_ 1g e,)(2)12 , (\a)

= g(g,-i\e2i)_,_ 1•L-I 21 /, (lOb)

for all polarizations of the applied radio-frequency field, where

the superscript (2) refers to the second-order contribution in

the perturbation series.

As was the case with the sidebands of the allowed

transitions, 1 9 the intensity of the sidebands towards higher



frequencies of a parent line is in general different from the

intensity of the sideband towards lower frequencies of the same

parent line. This asymmetry becomes particularly striking in the

case of a circular polarization of the radio-frequency field,

when not only the parent forbidden line has a zero intensity, but

the intensity of one of the sidebands is also equal to zero.

By combining the results of Ref. 19 and the present work, we

obtain the intensities of the sidebands towards higher

frequencies, labelled by the subscript +, which are shown in Fig

2 f or linear, right circular and left circular polarizations of

the radio-frequency magnetic field. The intensity of the

unperturbed transition e, 1/2 -+ g, 1/2, averaged over the

polarization of the gamma rays, and observed at the angle 0 -

n/2, was chosen as unity. The remarkable aspect of the pattern

in Fig. 2 is the appearance of the supplementary lines which are

the sidebands of the forbidden parent transitions. The

appearance of these lines in a spectrum is characteristic of the

multiphoton generation of the radio-frequency sidebands.

If the 5 7 Fe nucleus is under the action of a circularly

polarized magnetic field but the static field B1% is equal to

zero, the intensity of the first-order sidebands, at

O)Y~~ = E.-Ejht ., can be shown to be

j(C) = 2h2J"I 1pjBd [sin2 GCOs 2 V (7+4f +f2)+(sin2 V+Cos 2 Ocos 2 vX4+3f+f2)], (11)

where



f =-.UsJ >o0.
.. J,

The ratio of the intensity of the first-order sideband to the

parent line, at the angle of observation e - 0, is then, for a

circular polarization of the radio-frequency field,

p4)A /.d'(4+ 3f +f'). (12)

The results in Eqs. (11) and (12) differ from the corresponding

expressions, Eqs. (32) and (33) of Ref. 19, by the contribution

of the sidebands to the forbidden lines, evaluated in this

section.

III. Intensity of the second-order sidebands in the case of

radio-frequency collapse for 5 7 Fe

While the sccond-order perturbation calculations are in

general sufficient to describe the generation of radio-frequency

sidebands at frequencies of the order of 100 MHz or higher, the

third-order contribution to the perturbation series is needed to

describe the second-order sidebands which become observable at

lower frequencies. In this section we shall determine the

intensity of the second-order sidebands for the case of the

radio-frequency collapse, when the hyperfine magnetic field

acting on the 5 7 Fe nuclei follows the oscillations of the applied

radio-frequency field, so that the static hyperfine field is

B'=0.



The third-order contribution to the transition amplitude is

given by

(3) = JFI,(t , )d4Fh(4)dC (13)_,.f ,, (t& F..d• (q3
0 0 0

We shall assume, as in the previous section, that the applied

radio-frequency field is in the x,y plane, and shall evaluate the

right-hand side of Eq. (13) for gamma rays emitted

perpendicularly to the x,y plane, so that we shall consider that

O 0, = 0.

The non-vanishing matrix elements for the present problem

are

-(t) P= -- (t), (14a)

""F ) 2 "(t), (14b)
2J.

,_,p(t)= -- (14c)

(1p) 2J )(14d)

where Y(t) is the function defined in Eq. (3), and

.,, - - A-B,,u e 
(15a)

Fs._ .,(t) = 4 Are' e 2 (15b)



F..._j (t) 4 -- AB,,el-lue("'', (15c)

1.|4.1 (t) = -L.• AB eiiue{-mr, (15d)

where wo=(.-EA. Since according to Eqs. (14) and (15) the

matrix elements are non-vanishing only for Am - ± 1, there is a

non-vanishing third-order contribution to the amplitude b(3 )gm;em

for the 14.4 keV transition only when lm-mol - 1, so that the

transitions to be considered are e, 3/2 -+ g, 1/2; e, 1/2 -- g,

-1/2; e, -1/2 -4 g, 1/2 and e, -3/2 -* g, -1/2. From the

symmetry of the matrix elements in Eqs. (14) and (15) it results

that it is sufficient to evaluate b( 3 ) g,i/2;e,3/2 and

b( 3 ) g,.-1/2;e,1/2 at aoyro)± 2 wrf. There are four channels

contributing to b( 3)g,1/2;e,3/2, and there are six channels

contributing to b( 3 )g,_1/2;e,1/2. Thus, we obtain for the

intensity of the second-order sidebands, at 0r'wo±20,rf,

averaged over the polarization u of the gamma rays,

2
1 IAI 2B 19+30f+20f2 +6f 3 +f,)+2[(,K) 2 +(,B,,), 3+ + 3f ( 16

where

B, = B,+ +iB, f.yead (17a)

B2 = B,.. + iBM..,e-'a (17b)

For a linear polarization of the radio-frequency field, when

Brf,y = 0, the ratio of the second-order sideband, averaged over



gamma-ray polarization, to the unperturbed partent intensity is,

for wy - wo ± 2wrf,

14024 *-B'f - (31+42f+24f2+6f3+f4), (18)

where f = -pg/AeJg. This expression is equivalent to the

result reported previously in Eq. (17) of Ref. 14.

If the radio-frequency field acting on the nucleus can be

described as a superposition of two independent orthogonal modes,

so that Brf,x = Brf,y - Brf and the relative phase arf is

random, then the ratio of the intensity of the second-order

sideband, averaged over gamma-ray polarization, to the parent

intensity, is

tX.Y) )1(31+42f+2412+6f3+f4) (19)
256Jh

If the radio-frequency field is circularly polarized, so

that Brf,x = Brf,y = Brf and larf I = 9/2, the ratio of the

intensity of the second-order sideband, averaged over the

polarization of the gamma rays, to the unperturbed parent

intensity is

;- f (3 + 3f+) (20)
32 Ja),f)

If, as a result of the application of an oscillatory

magnetic field of frequency wrf, the hyperfine field assumes



alternatively two opposite values ± B8, the Fourier component of

this hyperfiene field at the frequency 0wrf will have the

enhanced amplitude (4/9)B,. The amplitude of the component of

the afore-mentioned hyperfine field at the frequency 2wrf is

equal to zero, but the amplitude of the component at the

frequency 3 wrf will be 4B,/39, and can produce, at low

frequencies, a sizable sideband. These considerations lose their

applicability if the passages between the opposing values of the

hyperfine field are rounded off.

Combining the results of Ref. 14 and the results of the

present work, we have represented in Fig. 3 the emission gamma-

ray spectrum with sidebands in the case of radio-frequency

collapse for 5 7 Fe nuclei in a permalloy sample, for a linear

polarization of the applied oscillatory magnetic field at several

frequencies, assuming that the amplitude of the oscillating

hyperfine field is equal to its static value. Moreover, in Fig.

4 we have represented the emission gamma-ray spectrum with

sidebands at a fixed frequency for several configurations of the

applied radio-frequency field. The intensities in parts (a) and

(b) of Fig. 4 are calculated according to the Bessel-function

formula of Ref. 14, and the intensities in part (c) and (d) are

calculated according to the perturbation expressions of Ref. 14

and the present work. It is apparent from Figs. 3 and 4 that if

the hyperfine field follows the applied radio-frequency, as it is

supposed to be the case for the radio-frequency collapse spectra,

the generation of nuclear multiphoton sidebands can be very

intense.



IV. Quantum interference effects in the radio-frequency

multiphoton spectra of 5 7Fe

While the intensity of the acoustic sidebands of a given

order is a decreasing function of frequency, the intensity of the

multphoton sidebands of a given order, in the presence of static

magnetic fields, can increase in certain frequency ranges. The

increase with frequency of the intensity of the multiphoton

transition can arise from the fact that some of the transition

amplitudes have resonances when the applied frequency becomes

equal to the separation in frequency units between the magnetic

sublevels of the ground or excited states, i.e. when a real

intermediate state in the nucleus coincides with the position of

the virtual multiphoton level.

This pattern is encountered for example to the first-order

sideband towards lower frequencies of the transition e,

1/2 -+ g, 1/2, in the presence of a static magnetic field Bo and

of a linearly polarized radio-frequency magnetic field. If the

emitted gamma rays are observed along a direction perpendicular

to the plane of the applied fields, e = a/2, o = a/2, then the

ratio of the first-order sideband intensity IL) to the intensity

of the unperturbed parent transition h, both averaged over the

gamma-ray polarization, becomes 1 9

(L) I 1 ),l • 2.
S= (B) (3 we + I * we 1- (21)

4b Bh)( Swe+ w, 4 we- wf 8 S-W



The resonances of the relative sideband intensity Ibl)/Ib

occurring at Orf - we and wrf = mg, are shown in Fig. 5 for 5 7 Fe

nuclei in iron.

Another circumstance which can lead to an increase with

frequency of the intensity of the sidebands is the cancellation

for certain frequencies of the partial amplitudes contributing to

the total transition amplitude. This pattern is encountered for

example to the first-order sidebands towards lower frequencies of

the transition e, 1/2 -+ g, 1/2 in the presence of a static

magnetic field Bo and of a left circular-polarized radio-

frequency field of rotating amplitude Brf. The ratio of the

first-order sideband intensity I(4) to the intensity la of the

unperturbed transition e, 3/2 -- g, 1/2 is 1 9

i I (Bf) 2 (2

f or all gamma-ray polarizations and directions of observation.

The zero in the relative sideband intensity 4(•/h, occurring at

'0rf = 2 0ewg/( 3we + wdg), can be seen in Fig. 6 for 5 7 Fe nuclei in

an iron environment, when the zero occurs at wrf = 19.1 MHz,

assuming that Brf is small compared to B:.

An interesting example of cancellation of amplitudes is

encountered for the first-order sidebands of the forbidden gamma-

ray transition e, 3/2 --+ g, -+ 1/2. In this case the

cancellation of amplitudes occurs at wrf = 0, so that the

intensity of the first-order sidebands at 0 rf = 0 is, according



to Eqs. (7) - (9), equal to zero for all polarizations of the

applied radio-frequency field while, on the other hand, the

generation of acoustic sidebands is supposed to increase in

intensity at lower frequencies. For example, the ratio of the

first-order sideband intensity (g,-Xie,%)±L to the intensity la

of the unperturbed transition a, 3/2 -4 g, 1/2, in the presence

of a static magnetic field B. and for a linear polarization of

the ratio-frequency field, is, according to Eq. (7),

\ , _,_____+ (23)

16 B W . 1

for all gamma-ray polarization and directions of observation.

The intensity of these sidebands are represented in Fig. 7 for

5 7 Fe nuclei in iron.

V. CONCLUSIONS

In this paper we have demonstrated a number of asymmetries

characteristic of the nuclear multiphoton generation of radio-

frequency sidebands to gamma-ray transitions in 5 7 Fe nuclei. We

have pointed out that these are sidebands of observable intensity

to the forbidden 14.4 keV gamma-ray transitions e, 3/2 -+ g, -1/2

and e, -3/2 -+ g, 1/2, and have calculated the intensities of the

first-order sidebands for a linear and a circular polarization of

the applied radio-frequency field. Then we have determined the

intensity of the second-order sidebands in the case of the radio-

frequency collapse, and have evaluated the sideband intensities

for a number of configurations of the applied magnetic field.



Finally, we have remarked that unlike the decreasing patterns of

the intensity of the acoustic sidebands, the intensity of the

nuclear multiphoton sidebands can increase with frequency over

certain frequency ranges, this being a consequence of the

resonances extant in the multiphoton transition amplitudes, and

also of the cancellation for certain frequencies of the

interfering amplitudes.
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Figure Captions

Fig. 1. Orientation of the magnetic field B, and of the wave

vector k. of a quantum of gamma radiation emitted by a 5 7 Fe

nucleus.

Fig. 2 Intensities of the sidebands towards higher frequencies

for the gamma-ray emission spectrum of 5 7 Fe nuclei under a static

magnetic field B' and of an oscillatory magnetic field of

frequency Wrf/oe = 4, averaged over the polarization of the

gamma rays for different configurations of the radio- frequency

fields. (a) The radio-frequency field is linearly polarized,

BdZ/B•=1100, and the direction of observation is perpendicular to

the plane of the applied field, 0 - x/2, i = 7t/2. (b) The

radio-frequency field has a right circular polarization, arf

= n/2, and B/B,=]. The spectrum is observed along the

direction of the static field, 0 - 0. (c) The radio-frequency

field has a left circular polarization, arf = x/2, and B•/B•=I.

The spectrum is observed along the direction of the static field,

0 = 0.

Fig. 3. Gamma-ray emission spectrum with sidebands in the case

of radio-frequency collapse for 5 7 Fe nuclei in a permalloy sample

for a linear polarization of the applied magnetic field for

several frequencies wrf of the oscillatory field. It is assumed

that the amplitude of the oscillating hyperfine field is equal to

the static hyperfine field. The direction of observation is



perpendicular to a plane containing the oscillatory field. These

intensities are given by

( V +(Bj ((W+
R(N) M (X.4(G, .)/2ew,+) + + + (%w)J N + 3w.)/2cd),

where JN is the Bessel function of order N.

Fig. 4. Gamma-ray emission spectrum with sidebands in the case

of radio-fequency collapse for 5 7 Fe nuclei in a permalloy sample

for different configurations of the applied radio-frequency field

at the frequency 0arf = 61 MHz. (a) The hyperfine oscillatory

field is polarized linearly and its amplitude is equal to the

static hyperfine field Bs. (b) The hyperfine field is polarized

linearly and its amplitude is 4BS/n. (c) The hyperfine field is

a superposition of two orthogonal components of amplitude Bs,

uncorrelated in phase. (d) The hyperfine field is polarized

circularly, and the rotating amplitude is equal to B.. In all

cases, the direction of observation is perpendicular to a plane

containing the oscillatory field.

Fig. 5. Relative first-order sideband intensity I4)/I.b for a

static magnetic field BO and a linearly polarized magnetic field

of amplitude Brf,x, for 5 7 Fe nuclei in iron. The relative

intensity I4/Jb,- has resonances at 0rf = 0e), o•rf = dg. The

direction of observation is perpendicular to the plane of the

applied field. The gamma-ray intensities are averaged over

polarization.



Fig. 6. Relative first-order sideband intensity 4•)/i,, for a

static magnetic field B, and a left circular polarized radio-

frequency field Brf, for 5 7 Fe nuclei in iron. The relative

intensity gc=)/i. has a zero when wrf = 2 wewg/( 3ae + .g), or

wrf = 19.1 MHz. Brf is assumed to be small compared to Bo.

Fig. 7. Relative first-order sideband intensities

I<,-Y2ie,%)(',l2/,. (full line) and j I,-,,,%<_:,l2/,. (dotted line), for

a static magnetic field BO and a linearly polarized radio-

frequency field Brf,x for 5 7 Fe nuclei in iron. The intensity of

these sidebands are equal to zero for wrf - 0.
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INDUCED GAMMA-RAY EMISSION AND RELATED TOPICS:
RECENT STUDIES IN RUSSIA

Lev A. Rivlin
Moscow Institute of Radioengineering,

Electronics, and Automation
78 Vernadsky Prospect, Moscow 117454, Russia

Telephone and FAX: (095) 434 9317

ABSTRACT

The analysis of overall self-consistent scenarios for the process of
stimulated gamma-emission is now required because of the nuclear pumping
experiments demonstrated at The University of Texas at Dallas. Two separate
schemes will be discussed here: (1) The stimulation of radiative transitions in
beams of free isomeric nuclei without overall population inversion. The central
concept is the "cooling" down of particles in the beams to the submicroKelvin
range. (2) The stimulated annihilation of electrons and positrons in colliding
particle and photon beams by external low-frequency radiation. Numerical
estimates for both schemes are presented.

1. INTRODUCTION

The study of the problems inherent in achieving induced emission of
gamma-rays began more than three decades ago and interest has frequently
peaked in the intervening years. The very first maximum of effort arose in the
early sixties when preliminary treatments were made independently in the USA
(1,2) and in Russia (3-5).

The second peak arose in 1974. In Russia this peak was initiated by the
efforts of a brilliant scientist, Professor Rem Khokhlov, the President of the
Moscow State University. Unfortunately, this promising period ended in 1977,
when Khokhlov, an enthusiastic mountain-climber, perished in the Pamirs
range.

Today we can record a new peak of interest, perhaps the most
significant in terms of experimental investigations. This period has been
marked by the world's first experimental approach to one of the most important
part of the problem, the pumping of populations of nuclear isomers. This has
been undertaken by the group of Professor C. B. Collins from the Center for
Quantum Electronics of The University of Texas at Dallas, and in collaboration
with some other Institutes.(6)

Now, additional emphasis is needed upon other parts of the problem of
induced gamma-ray emission that are worthy of examination. Of particular
importance at this time are those which are aimed at -

extending fundamental understanding of the stimulated boson
emission, successfully applied in the optical laser physics, to a
new class of quantum oscillators - nuclei and antiparticles;
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discovering ways of utilizing in modern science a new energy
range of coherent photons - keV and perhaps even MeV;

introducing into theoretical and experimental practice a new type

of nuclear reactions - stimulated radiative transitions. In particular
this would include stimulated radiative chain reactions, or in other
words, gamma-ray lasing.

The realization of these ideas may also lead to important progress in
theoretical work that could launch a new branch of science and technology,
QUANTUM NUCLEONICS, as an analog and continuation of the development of
Quantum Electronics.

The problems in achieving this challenging goal are very diverse and
complex. The first successful experimental results mentioned above have
motivated the analysis of different self-consistent scenarios for the
pumping/stimulated emission process as a whole. In this context the
discussion presented here will often take more the character of a task
statement giving a direction for further investigations than that of a final
solution for the whole problem. However, it seems that these efforts may be
truly well-timed. Here two separate approaches to the problem will be
discussed: stimulated radiative transitions in populations of isomeric nuclei
without overall inversion, and stimulated annihilation of electrons and positrons
by external low-frequency radiation.

2. CONCEPTS

2.1 Stimulated Gamma Transitions

Most proposals for a feasible system in which to observe stimulated
gamma-ray emissions have as an essential condition the necessity for
M6ssbauer (recoilless) transitions for nuclei situated in a solid matrix. At this
point it is best to review some well-known facts about such transitions. When
the temperature of the crystal containing the active nuclei is high compared to
the Debye temperature, the gamma-transition line is spectrally split into two
lines. These are the emission line for excited nuclei and the absorption line for
unexcited ones. Both lines are inhomogeneously broadened by thermal motion
and other factors. If the line splitting, equal to twice the nuclear recoil energy,
exceeds the inhomogeneous broadening a spectrally local nuclear population
inversion may occur, even without the presence of an overall inversion of
excited nuclei. Therefore, gamma-ray gain is positive but small because the
ratio of the homogeneous (natural) radiative line width to the inhomogeneous
width is very small. In the low temperature case the line splitting does not
exist and recoilless M6ssbauer emission and absorption can take place. Then
the line width ratio is equal to unity but an overall inversion of excited nuclei
must be present to achieve gain. Thus the gain is again small when the
inversion is not sufficiently large or even negative when an inversion is absent.

Unfortunately, the fault of the solid state approach is the formation of
some kind of vicious circle. In order to achieve an inversion the lifetime of the
excited nuclei must be long to reduce the requirements for intense pumping.
However, an unbroadened M6ssbauer line of natural width can not be realized
for isomers with too long lifetimes (i. e., for a lifetime exceeding one



microsecond) because of crystal structure inhomogeneity. Because of
additional damage to the lattice this problem grows catastrophically under the
influence of intense pumping as well as in other circumstances.

The result has been that all known attempts to use the solid state
approach have so far proven unsuccessfu At this time there are wide
disagreements about the further benefits of this approach. The question
remains whether it is possible make use of the advantages of the physical
picture mentioned above while avoiding its negative features?

A very simple alternative approach involves a departure from the
necessity for a solid matrix. What will happen when an ensemble of free
excited nuclei is cooled? The recoil effects together with the line splitting
remain and so it is again possible to obtain a local inversion over parts of the
spectral line without an overall inversion. Simultaneously the line width
decreases drawing nearer to the natural homogeneous value and the gain
grows.

Thus one can imagine a possible scenario based on the use of deeply
cooled atomic or ion beams(7,8). The realization of this scenario will require the
following sequence of operations:

1) pumping of nuclei (i.e., by (-y,-y') reactions or by radiative neutron
capture) and preparing the preliminary cooled ion or atom
ensemble;

2) forming a nuclear beam and rapid supplying them from a "hot"
pumping zone;

3) deep "cooling," that is to say, longitudinal monokinetization of the
nuclear beam;

4) beam compression (if needed);

5) stimulated gamma-ray emission in the prepared "cold and dense"
nuclear beam.

In addition all the steps must be achieved consistently with each other.

On the final step the threshold condition for amplification for gamma
transitions is reached when the rate of stimulated emission exceeds that for
losses due to the photoeffect and Compton scattering. The temperature
dependence of this threshold value shows that deep "cooling" or
monokinetization down to the submicroKelvin range is needed. In addition the
maximum value of the total gain over the optimum length of a beam of
spontaneously relaxing nuclei is inversely proportional to the Doppler width.
For this reason deep "cooling" is a&so needed to increase the total gain.
Therefore the beam "cooling" is the central point of this whole scenario.

To achieve this may mean the use of known and promising methods of
laser light pressure that can provide an effective temperature in the nanoKelvin
range, but these need to be improved in order to accommodate an enormous
rise in the particle concentration. In further studies new methods to increase



the density of deeply cooled beams should be proposed and the limiting factors
should be analyzed.

It may be useful to also consider some combined methods of particle
monokinetization involving an electrical acceleration of ions accompanied by
optical laser velocity selection. Optical pressure is not used here, but the laser
light plays the role of a Maxwell's demon by accurately determining the
properties of particles, whereas the electric field executes the task set by the
demon. The idea is as follows(9).

Negative ions are accelerated up to some threshold velocity which
considering the Doppler effect is sufficient for photodetachment of electron by
a collinear optical laser beam. The resultant monokinetized neutral atoms
continue to move without acceleration at the same constant velocities equal to
a threshold value.

A reversed variant of this method( 10 ) involves the compensation of the
initial random spread of the particle velocities by controlling the duration of the
positive ion acceleration in a static electric field. Doppler velocity
discrimination is performed by frequency scanning of a laser ionizing the parent
atom beam.

Another group of very simple methods(7,8) is derived from the wide
experience available for radiofrequency amplifiers with low-noise electron
beams. When ions are simultaneously accelerated by an electrical field, their
longitudinal random velocity spread drops drastically due to the quadratic
dependence of the ion kinetic energy on the velocity. For instance, a voltage
of 100 kV reduces the effective longitudinal temperature from 80 Kelvin down
to 1 microKelvin. Consequently the Doppler line width also decreases as
considered from the longitudinal direction. Obviously the degree of beam
"cooling" as a result of acceleration is not unlimited. The limitations should be
studied further in the light of known theories of plasma instabilities and noise in
electron beams.

The gain in induced gamma photons is proportional to the concentration
of excited nuclei. So the problem of the density enhancement arises in parallel
to the "cooling" problem. Leaving aside the known and useful methods of
electron optics and laser assisted density enhancement let us discuss another
method, the ballistic focusing of neutral particles.(8) To some extent this
combines both the other approaches. A technique of electron optics is used
for setting the initial conditions for the parent negative ions. Then laser
photodetachment forms the ensemble of neutral atoms with almost the same
unperturbed initial conditions and leads to further focusing unhindered by
Coulomb repulsion.

A simple example, but by no means the best, of a way of implementing
this method may involve focusing a fragment of a negative ion beam having an
annular cross section within coaxial electrodes of circular cylinder geometry(8 ).
A pulsed radial electric field imparts to all the ions an axial velocity component.
A laser beam then performs photodetachment and motion of the neutral atoms
toward the axis takes place without any influence from Coulomb repulsion.
This ballistic motion is accompanied by an increase in the beam density. The
highest degree of density enhancement is achieved in the region of the beam



waist and depends on a small transverse random velocity components.
Estimates show an expected density enhancement of 1000.

To sum up this analysis let us consider a numerical example for a
hypothetical isomer with a nuclear charge of 20, a transition energy of 2.5
keV, and a lifetime of 1 microsecond. Longitudinal monokinetization by
electrical acceleration up to the ion energy of 100 keV reduces the effective
temperature from 4 Kelvin down to 2.5 nanoKelvin and the Doppler velocities
down to 1 mm/s. Positive gain over an optimum beam length of 180 cm arises
when the parent ion beam current density exceeds 1 A/cm2 (taking into
account a density enhancement factor of 1500).

This result is promising, but the concepts need further development

along lines including:

* searches for possible isomers with suitable nuclear and atomic

properties;

* development of efficient pumping schemes and efficient sources of
metastable nuclei;

* improvement of methods of particle monokinetization and density

enhancement relevant to the present problem and critical analysis
of physical and technological limitations.

2.2 Stimulated Annihilation Radiation

Antimatter is the perfect source of states with negative temperatureO 1).
Nevertheless there are grounds for skepticism as to the feasibility of a simple,
self-maintaining photon chain reaction, in other words direct annihilation lasing.
It is more realistic to consider a method for initiating electron-positron
annihilation in which the emission (or absorption) of one of the photons in a
multiquantum event was produced from an external electromagnetic field, in
particular an intense optical laser field( 1 2 , 13 ). This concept in the three-photon
case is based on a continuous redistribution of the energy of the antiparticles
between the emitted quanta, so that there is a finite probability for the emission
of photons of any specific low frequency( 12 ). However, soft-photon stimulation
of two-photon annihilation is possible only when the corresponding motions of
particles and stimulating photons are such that the energy of Doppler shifted
photons becomes equal to the particle rest mass energy,1 3). In the case of
optical stimulation this . requires an inadmissibly high particle energy
(approximately equal to 50 GeV).

The new scenario for inducing the annihilation of parapositronium in
colliding photon and particle beams (namely, two positronium beams and two
infrared photon beams moving in opposite directions) consists of three steps:

1) exciting l s-2p transitions of moving positronium atoms by an
infrared beam propagating in the opposite direction;

2) lasing in the beam of these excited atoms (2p-ls transition), the
inversion being achieved as a result of a reduction of lower-state
population due to spontaneous annihilation;( 1 4) and



3) stimulating the annihilation in the opposite positronium beam by
Doppler shifted photons from the moving atomic laser realized in
the previous step.

The Lorentz transformations on each step leads to the resonant
condition, determining the particle energy of 80 MeV and the wavelength of
the external radiation source of 80 micrometers. The resulting stimulated
annihilation radiation produces characteristic photon energies of 160 MeV in
the forward direction and 1.6 keV in the backward direction in the laboratory
frame. It should be noted that in this process the population inversion of the
antiparticles is not necessary and the competitive processes of pair creation are
absent, but to achieve a good experimental contrast of stimulated radiation
against a spontaneous background a very high density of the positronium
beams is needed (an equivalent current density of more than 10 kA/cm2 ).

This work was supported in part by the Russian Foundation of
Fundamental Research under grant # 93-02-3768.
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THE GAMMA-RAY LASER: ISSUES AND PROGRESS IN 1993

J. J Carroll and C1 B Collins
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Abstract

A gamma-ray laser would provide stimulated emission at the shortest possible wavelengths (< I A) from uansstions between excited
nuclear states. The unique advantages provided by those transitions promise the integration of pump energy over nanosecond to microsecond
times and thus to larger values than are possible with x-ray lasers which must be pumped on the order of picoseconds H lowever, at the end of
the first cycle of study (1963 - 1981) it was concluded that a gamma-ray laser was impossible using the traditional approach to pumping nuclei
with particle fluxes. Since then research has taken an entirely new character with the introduction of concepts for "optical" pumping of a
gamma-ray laser, in its most straightforward form as a nuclear analog to the ruby laser. Over the past seven years the United States' main-line
project at the Center for Quantum Electronics has experimentally demonstrated the components of those concepts. Computations based on the
new data have shown that a gamma-ray laser is feasible if some isotope has its properties sufficiently close to the ideal. Now breakthroughs
realized in the study of the systematics for the optical pumping of nuclei have permitted the identification of the first-ranked candidate nuclide
for a gamma-ray laser. Problems currently being addressed are the acquisition of macroscopic samples for testing and the demonstration of
appropriate instrumentation.

Introduction

Studies of the feasibility of a gamma-ray laser have been motivated by the promise of achieving stimulated emission of photons with
wavelengths below 1 A using the unique advantages presented by nuclear systems. Among these is the appearance in many nuclei of
extremely long-lived excited states called isomers with energies above the ground state of keV to MeV. Populations of these metastable
levels can store teraJoules per liter at solid densities for lifetimes up to thousands of years. This makes upconversion possible since it would
not be necessary to provide all the energy for a gamma-ray laser in situ. Even more important, electromagnetic transitions in nuclei provide a
variety of transition moments, the most common being the magnetic dipole, in contrast to electric dipole transitions which dominate our usual
experience with lasing transitions. Thus the matrix element linking spontaneous lifetime with the usual v3 factor is orders-of-magnitude more
favorable for output transitions of a gamma-ray laser than might otherwise be expected at such short wavelengths. Populations can be
transferred from isomeric storage states to lasing levels having lifetimes ranging from nanoseconds to microseconds, integrating the energy in
a pump pulse for much longer times than for x-ray lasers. Also, gamma-ray transitions routinely have natural line widths, as in the Mossbauer
effect, insuring large cross sections for stimulated emission Without broadening, values for 1 A nuclear transitions typically exceed the cross
section for the stimulation of Nd in YAG.

Despite this impetus, there was little real progress towards a gamma-ray laser prior to 1982 as a result of a concentration of research on the
traditional approach to pumping nuclei with intense particle fluxes. As discussed in the encyclopedic review of Baldwin, et al.,t the general
impossibility of those schemes was concluded since particle fluxes would deposit unmanageable amounts of heat in the host matrix,
destroying the MOssbur effect. That review effectively signaled the end to the traditional approach to a gamma-ray laser and emphasized
that the critical test for any new approach must be the efficacy of pumping to release the energy stored in isomers while maintaining a natural
line width for the lasing transition.

A new interdisciplinary approach2 to a gamma-ray laser emerged in 1982 following precursive work" that appeared near the end of the
first cycle of research but which were largely ignored. The basic concepts called for the 'optical' pumping of nuclei by the absorption of
photons from intense coherent or incoherent fields. Coherent optical pumping would use multiphoton processes to release the energy stored in
nuclear isomers into freely-radiating levels located nearby in energy. Incoherent pumping woud employ intense pulses of x rays to pump
nuclei as in a direct analog to the ruby laser. In either case, the use of photons as the pump entity would allow the preservation of the
Massbauer effect for nuclei within a thin film host of low-Z material like carbon or bayllium.

The blueprint for a gamma-ray laser now appears in the texbooks' and research fiollowing this approach at the Center for Quantum
Electronics has been rich wieh a ew "1. fime d ta l concepts of coherent pumping have been demonsmtat t1 3 but not surprisingly
the greatest rate of progress has been realized in &e directio of incohernt pumpin&gv' 2S Major breakthroughs have been experimentally
demonstrated in the pumping and dumping of populations of nuclear isomers with x rays.

TMe greatest impediment to a gamma-ray laser a•mained the lack of mateials. Of tme 16 distinguishable26- isotopes, 29 bad been
identified as first-class caidates but only t&e two poorest, 'Oa and wre wee available in suaient amounts or testing. Still the
discovery ofresomances with giant aross sections for optically pumping those nmcldest ' strengthened the feasibility of a gmnma-ny laser by
orders-of-magnitude. Wiltout frether material for study. rs -has concentrated an the systematics for pumping simulation isomers fium
their gound state 2tla to aid in ranking the candidates and to motivate production of ft bes ncides. The findings have now made it
possible to identify the 31-year isomer of the nuclide "mf'as the first-rankld candidate for a gamma-ray laser.
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Background

1lir citical key to the devclopment of the ruby laser was the identification and exploitation of a baniidwdth funnel in %iLnch a broad
absorption band was linked through eflicient cascading to a narrow laser level. Likewise this is an essential element in the nuclear analog to
the ruby laser depicted in Fig I The principal figure of merit for populating an upper-laser (or fluorescence) level is the integrated cru,.,
section, (or) = rtb boo 0f'/2, whether the initial state is the ground state or an isomer. The figure shows only one pump band. sometimes
called a gateway or intermediatc state, but there could be more at higher excitation energies. The probabilities that the gateway will decay in
one step back to the initial level and in any cascade to the laser level are b. and b., respectively. These quantities togcther with the natural
xvidth of the absorption band, F give the useful, partial width b boI for the transfer of population from initial to fluorescence states Thi cron,_
section for the absorption step, 00 is given by the Breit-Wigner formula

2
,23 21 J + I 1

ao0  = , ()
2;r 21, +1 a, +1

where X. is the wavelength of the pump photon, IJ and 1 are the angular momenta of the intermediate and ground states, respectively, and a is
the internal conversion coefficient corresponding to the pump transition The cross section for useful absorption of pump energy by nuclei is
much larger for photons than for particles of the same energy.

In the context of nuclear physics, optical pumping processes like that of Fig. 1 have been known for more than 50 years 25 They are
commonly designated as (y,') reactions with y and Y' referring to the incident and scattered photons, respectively. Typical values of integrated
cross section for these reactions have been known to range4"17,2 from l's to 10's in the "usual units" adopted here, uu. = 10-29 Ci2 keV.
However, until the past decade studies of these processes never reached the level of precision seen in research using particle reactions due to
the difficulty in accurately calibrating the output spectra of the intense photon sources required. In particular the most difficult to characterize
sources of x rays proved to be radionuclides for which all intensity away from the spectral lines resulted from environmentally sensitive
Compton scattering. Little quantitative agreement could be found in the literature between integrated cross sections obtained in different
experiments and as late as 1987 there were serious contentions3° over the mechanism by which these reactions occurred. However, in recent
years extensive experiments based on new technology and computer codes for the simulation of x-ray spectra have resolved this controversy
and the basic model for the optical pumping reaction shown in Fig. I is now on a firm quantitative basis. This was one of the earliest
challenges to the gamma-ray laser project.

When a population of nuclei, Ni in some initial state is irradiated with a contirnum of photons extending up to a maximum "endpoint"
energy, Eo, the time-integrated yield of final-state nuclei, Nf is given by

N 1 E a 1 Zo 0 c(E) F(E, EO)dE ,(2)

where (o is the total incident fluence and F(EEo) is the distribution of energies within the continuum for the given endpoint. The initial-to-
final state transfer is represented by the energy-dependent crass section, o(E). It is well-known that (y,) reactions for incident photon
energies below the threshold for photoneutron production resonantly excite discrete states like that shown in Fig. 1. Each resonance is
described by a Lorentzian line shape with a width which may be pge on the nuclear scale, but is narrow compared to the structure of most
incident photon continua. Furthermore, if gateways are well-spaced compared to their widths, Eq. 2 becomes

Af(EO) -ia = F, (o_)jF(EjEo) (3)

in which the amount of final-state population has been expressed as a fractional yield, or activation, per unit photon fluence, A.(Eo). The
(a1l is the cross section for population of the final state throngh the j•h gateway, integrated over the Lorentzian line shape, and the summation
incldes all pump bonds with excitation energies ER <Eu.

Exnerimental Confirmation

The model of Eq. 3 was validated by experiments using bremsstrahlung from six different accelerators. These devices included two
nuclear ,im-ula•t.. DNAMMHON and DNA/urmr two medical hia and two researh linacs, the injector to the superconductmg
Darmstadt linear accelerator (S-DALNAC) and the Texas X at the Cent for Quantum Electronics. Gram-sized samples containing the few
calibration isomers whose gateways wee well-mown firm the literatue wear exposed for times ranging from seconds to hours for the cw
madhines and to single flashes from the pulsed-power devices. The yields of isomer produced by each irradiation were obtained from the
fluorescence detected after transferring the samples to a quieter vironoment. Standard corrections were made for the isotopic abundance.
isomer lifetime, detection and emission efficiencies, and transporcy of the samples to the fluorescence. Photon spectra were calculated with



the EGS4 clcctron/photon transport code"' wluch was adapted for each Cxperiment to give both Oo and F(E,Eo). II some cascs %o was
vcfied by in-line dosimctry
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Figure 1: Schematic representation of the bandwidth funneling of Figure 2: Fractional activation, Af for the reaction ISSr(y,-)) 7Srm as
population to a laser level through a gateway state with natural a function of bresnsstrahlung endpoint, Eo obtained with 5 different
width, r. The incident photon y is absorbed with a cross section roo accelerators. The solid curve plots values computed from Eq. 3
from the initial level which may be either the ground state or an using gateway parameters found in the literature and calculated
isomer. The cascade from gateway to laser level is shown by the photon spectra. The agreement of these values with the
dotted line with promptly emitted photons being the Y. Only one measurements was excellent, validating the procedures.
gateway is shown but there could be more.

The results of those experimentst 4"17.19 were in excellent agreement with the predictions of Eq. 3 using literature values26-237  for gateway
energies and integrated cross sections. A typical example is given in Fig. 2 which shows a composite excitation function obtained for the
calibration isomer 17Sr- using five of the accelerators.19.21 It is important to note that at an endpoint of 4 MeV, the yield of the 17Sr' isomer
was enhanced 16 orders-of-magnitude by the process shown in Fig. 1 over that which could have been produced by direct excitation of the
metastable level from the ground state. This is bandwidth funneling at the nuclear level.

Those experiments established that there could no longer be any reasonable doubt of the model or the procedures for quantitatively
measuring nuclear fluorescence efficiencies using bremsstralung. In addition they led to the development of a new method2 for providing
absolute charateriztons of intense x-ray fields using isomeric photoexcitation reactions. The model was then used to examine candidate
nuclei for a gamma-ray laser.

Candidates and Simulations

Candidate Structure

Many of the candidate isotopes for a gamma-my laser are deformed nuclei whose energy levels are built upon rotational bands like those of
diatomic molecules. For a spheroidal nucleus an additional quantum, K must be conserved which is the projection of the total angular
momentum, J on the major axis of nuclear symmetry. Within each band the resulting system of energy levels follows

EN(K.J) = E,(K) +BJ(J+I) , (4)

whereJ>K .0,andJ.=K,K+1,K+2.... forK*O and J=KK+2,K+ 4,... forK=. The B. is a constantand En(K) is the energy
of the lowest-lying level in the band, the 'bandhead.' Other quantum numbers are identified by n. The selection rules for electmagnetic
transitio require I M I <Mand I AK I <M-' %h Mis the multipolaft oft nwradiatio

Deformed nuclei posse1 the longest-lived isomeric lev because thase states le in bands whoe K differs greatly from that of ficeey-
radiating states to which they could energetically decay. Such isomers would be ideal as storage levels in an upconversion scheme since moat
of the eneg is ahedy in the nucleus, reducing trigge requirements. Of the 18•6 distinguidsable mcd isotopes, 29 first-class cmidat
nuclides were identified by a search of the nce data base in 1986. but an ecot ranking could not be determined due to the paucity of
nucle fluorescence data.



Giant Pumping Resonances

Although attractive from the perspective of shelf life and availability, the nuclide 180Ta was nevertheless ranid ed anionig the poorc•t
candidates since its isomer stores only 75 keV and requires AK = 8 for transitions to the ground-state band.2.' 1 A badmdvldtlh fE::cl wkk,:;J
also have to span a similar AK znd theoretical estimates of the integrated cross section for the pumping were expected to bc suia!1 , l u
Is uu Still, this Isotope exists naturally in 100 % inversion since its isomer has a lifetime in excess of 1012 years ',hluc its ic.J S:t;c h:,s a
halflife against transmutation of only 8.1 hours. A macroscopic sample was readily available so tgTam was the first cainditdtc tcrtc]

An experiment was conducted"s in 1987 in which 1.2 mg of |8°Tal was irradiated with bremsstrahlung from a 6 MeV medical hinac aWd a
large fluorescence yield was observed following the exposure. That was the first experimental demonstration that the cncrg, stored mi a
nuclear isomer could be dumped to freely-radiating states as needed for a gamma-ray laser. Simply the observation of anr, fluorcsccmice fie,,, a
milligram-sized target when grams of material were needed for the calibration isotopes showed an unexpected efficiency loi thie plo.css
Analysis of the data indicated that the partial width for the dumping of the IS°Tam population was about 0.5 eV with an :ltg_,atcd cross
section on the order of 42,000 uu.

The energies of the pump levels were determined from the excitation function of Fig. 3 measured by a series of irradiations"' using the
variable-cnergy S-DALINAC. As was the case for the calibration isomer 87Srm, sharp increases in the normalized yield, called activation
edges, indicated those energies. Computed photon spectra were used with Eq. 3 to iteratively fit the measurements by using trial values for
the integrated cross sections. The lowest-lying pump band was located at 2.8 MeV and with an integrated cross section of 12,000 uu it was
classified as a "giant pumping resonance" compared to usual (y,y') reactions. The demonstration that populations of nuclear isomers can be
dumped by x rays with much larger integrated cross sections than could have been expected stood as the first major breakthrough towards a
gamma-ray laser, enhancing its feasibility by at least four orders-of-magnitude.

Systematics

Giant pumping resonances were also observed20 for the second poorest candidate, 123Te. However, better candidates w,,ere not available in
sufficient amounts for testing so research focused on the pumping of simulation isomers to study the systematics of their gateways A
preliminary survey2 ' of 19 isomeric nuclei was conducted over a coarse mesh of bremsstru ung endpoints using the nuclear simulators and
the medical linacs. As shown in Fig. 4, giant pumping resonances were indicated for nuclei in a region of masses near A = 180, whTere the
most deformed candidates lie. A refined survey2 performed with the S-DALINAC found the gateway locations and integrated cross sections
for four isotopes neighboring 18STa that had various degrees of ground-state deformation. The results are also given in Fig. 4 and indicate that
both the excitation energies and integrated cross sections for the pump levels vary slowly amongst neighboring nuclides within each mars
island, despite dissimilar single-particle structures. The strengths of those giant pumping resonances were correlated 22 with the ground-state
deformation, a nuclear core property.
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Figure 3: Fractional activation, A. for the reaction Figure 4: Systematics for excitation energies and integrated cross
'tSan"¥(y,l)'3 sTa as a function of bremastahiung endpoint, E0  sections of gateway states providing optical pumping of nuclear
obtained with the S-DAUINAC. Gateway parameters were isomers. The groupings correspond to mass islands between magic
detamined by fitting the measured excitation funmtion using numbers for neutrons and protons. The best candidates for a
Eq. 3 with trig values for the (crD.. The integrated moas gamma-my las lie in the mass-lSO island where the largest values
sectis were fnd to be 10 lWagr than those usually of are found. Within each island the integrated aom sections
measured for (y,') reactions. These data demonstrate the and excitation energies, plotted by the right-hand ordinate and the X
dumping of an isomeric population with x rays. symbols, vary slowy with changing mass number, A. This is a sign

of the core nature of the giant pumping resonances.



The systematics for optically pumping nuclear states were further investigated for the cxcitation of laser-like levels with lifetmes on the
order of tens of ps. To accomplish this an experimental technique was developed 33 which employed a gated CsF scintillator to detect
fluorescence from samples irradiated with the pulsed Texas X linac The PNfF was gated off during Elic x-ray pulses to pieventVc s% stcnr
from being blinded by real-time Compton scattering from the sample and the environment A total of four additional nucCei w.'cre StudlhJ
using that technique, 8l13r, 1761If, 181Ta and 2011°g. Figure 5 shows a typica] decay spectrum for t tS"'a obtained with a linlc-lo-•anl)liuJc
converter (TAC) and was collected over 7 x l10 cycles (linac pulses) Fluorescence was detcctcd at energies of 133. 345, 476 aJJ 4S2 kcV'
from the decay of a level at 615 keV and the agreement between the measured halfiffe and the litcrature value26 of 18 its _Ls cxccllent The
data analysis"3 for all four nuclides indicated that the integrated cross sections for optically pumping lascr-likc levels wcrc comparable to
those previously found for the population of long-lived isomers, as shown in Fig 6.
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Figure 6: Integrated cross sections for pumping laser-like levels
Figure 5: Fluorescence detected from the 18 pIs, 615 keV level in along with those of Fig. 4 for the pumping of long-lived isomers
"iSITa following its excitation by bremsstrahlung from the Texas X. (shown by the dotted lines). Again, the groupings correspond to

These data were collected for nearly 106 cycles (linac pulses) using a mass islands between magic numbers and the best candidates are
recently developed gated CsF detector system. The PMIT was gated identified as neighbors of the nuclide tI1Ta.
off during each x-ray pulse and then returned rapidly to a stable gain
to observe fluorescence from the sample.

NRF Measurements

The discovery of giant optical pumping resonances significantly improved the feasibility of a gamma-ray laser by lowering pump
requirements. However, the resolution of those experiments only permitted gateways to be located within + 0.1 MeV. This left open the
possibility that the reaction strength might not be concentrated in a few transitions, but might be spread over a great number of closely spaced

levels. If this were the case the cross section for each participating state could be small, seriously degrading the ratio of useful, resonant
absorption to that absorbed nonresonantly and contributing to heating of the sample. This was of'particular concern for the nuclei favored in
Figs. 4 and 6 which have large excited-state densities, and even more so for I1*ra which is a rare odd-odd nucleus. A series of experiments
was performed to explore this possibility.

Isomeric excitation functions like that shown in Figs. 2 and 3 reflect only one specific exit channel for the pumping process depicted in
Fig. 1. That channel consists of a decay cascade leading to the metastable level following an absorption event in a transition from the ground
state to a gateway. However, a complimentary exit channel corresponds to direc decay of the gateway back to the ground state, with the
prompt emission of elastic" photons of the same energy as those absorbed. It can be seen from Fig. I that in the event of a large (cr") 2 for the
population of an isomer, there must also be a large integrated cros section for the elastic chamne, (aI)d = xb.Vof/2. The square of the
branching ratio from gateway to ground state occurs because the entrance and exit channels are the same. This integrated cross section can be
determined by measuring the energies and numbers of photons scattered in real time during an irradiation. The observation of those photons
in the presence of Cmpton background forms the basis of nuclear resonance fluorescence OW) experiments.

An experimental arrangement designed for NRF was used to investigatep2, 4 the pumping of two isomers, " and IItInm which have
lar natural isotopic abundances. Gram-sized samples were andwiched between aluminm and boron calibration targets and were
irradiated with well-collimated bremsstrablung from the S-DAIMlC. Photons elastically scattered by strong transitions were detected with
carefully shielded germanium detectors placed off-axis and appeared in pulse4iheght spectra as peaks superimposed on a large Compton
contintum. Isomeric excitation functions were also measurd• fbr these nuclides. Detailed spectra are available in the literature"' but the
relevit point is that only a few strong elastic tasitions were detectd in the NF measurements over the ery range from 1.5 to 4.5 MeV
and these were only found within the experimental resolution oftheir pumping resonances. In the case of 115 n, these were located at 2.8 ±
0.1 MeV and 3.3 ± 0.1 WeV, as dsown in Fig. 7. Thus a subset of those few transitions cn esponded to the gateways responsible for the



optical pumping of the isomer. That conclusion was confirmed qualitatively by unified-model calculations which show.ed that the absorption
strength was concentrated into a small number of El or E2 transitions with excitation energies near those found experimentally

K Mixing - A Speculation

The surprising magnitudes of integrated cross sections for getaways in the mass-IS0 region indicate an case I I)un inrg and dwningpll
isomers through large AK that is difficull to interpret in terms of a singlc-particle model Lcvcls c;apabhle of strong "1" brezlr"n or "K
mixing" have also been recently observ•d for other nucleiM in wuich electric dipole transitions to levels near 2.5 MeV xwcee found to be
enhanced despite substantial change in K_ Most striking was the measurcment3 of a level at 2 65 McV which provides AK = 14 in thre
spontaneous decay of the 3.312 MeV, 3.7 ps isomer of tV'Hf. That K-mixing state is remarkably close to the gateway at 2 8 4 0 1 McV
discovered for the dumping of ii°Tam A full understanding of this pervasive behavior is not yet available, but thrce is a su.csti~e
speculation.

Calculations 36 have confirmed that some nuclides develop multiple minima in nuclear potential as a function of core deformation. Second
minima can contain fission isomers for higher masses, but for lighter nuclei the Coulomb barrier prevents fission Shape isomers result %.khen
states bound within a second well cannot easily decay to freely-radiating states of significantly different nuclear shape corresponding to the
primary well. If instead of a second minimum a plateau occurs in the potential energy, as depicted in Fig 8, shape isomers could not occur
However, within the narrow band of energies shown excited states would not correspond to a fixed core deformation. Thus K would not be a
good quantum number for such levels and unhindered, low-multipolarity transitions could connect them to states with widely differing K
values. This would provide the large degree of K-mixing observed experimentally. It is interesting to note that shape isomers, and therefore
second minima, are predicted to lie at excitation energies of 2 to 3 MeV.
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Figure 8: Schematic representation of a dependence of potential

Figure 7: Schematic representing integrated cross sections for energy upon nuclear deformation that would tend to produce a
a) population of the isomer "SInm obtained from a measured second local minimum Shape isomers have been predicted to lie in
excitation function and for b) elastic scattering by absorption auxiliary minima and for large enough mass numbers spontaneous
transitions obtained from NRF measurements. Gateway locations of fission can occur when populations tunnel out of a secondary well.
a) were determined within + 0.1 MeV and strong elastic 5cMItcd5 Here a plateau rather than a well-developed local minimum is
levels were only observed within those bands. Thus a subset of the shown.
transitions of b) are responsible for the population of the isomer as
confirmed by unified model calculations.

The First-Ranked Candidate

The studies of the systematics for optically pumping isomers conducted over the past six years have yielded the following conclusions:

1) Nuclear populations trapped in long-lived moge isomers can be optically pumped to freely-radiating states with x rays,
2) Optical pumping reactions for the deexcftton or excitatio of nuclear isomers (and laser-like levels) occur resonantly by

bandwidth finneling through a small number of gateway states,
3) Gateways lying in the mass-iS0 island are giat pumping resonances and can break K with integrated cns sections on

the order of 10,000 uu. compared with I to 10 un. as is usually found for (y.,) reactions, and
4) Within the mass-180 island, the magnitudes of the integrated -arss sections vary slowly among neighboring nuclides, the

excitation energy for the first giant pumping resoane is between 2.6 and 2.8 MeV.

On this basis the 31-year isomer "Ha has been identified as the first-ranked candidate for a gamma-my laser from the perspective of
triggering. As can be seen in the enrgy-level diagram of Fig. 9, the metastable level sores 2.45 MeV, one of the highest-lying isomers
known6 that does not exceed the energy of a K-beakng gateway. The 31-year haiflife of the isomer results fiom its being the head of a bund



with K = 16. It must first decay by a severely hindered E3 transition to the J = 13* member of the K = 8 band lbis AK = 8 tjtiamihon Is
followed by a cascade that ends on thc J = 8 isomer (ili111mi) which deca)s with a halflife of 40 s to the giound-state 1.!!. 1

hle hatched lcvel in the figure indicates a Li,:!:1 pwuil~jug i n, ":ic : ,c
%Lhoe l position is inferred from syslcniatics llus as,,,,nenw, u: aI,.
supporlcd by recent Coulomb scallcrict 11) C1nutn' sh

1. identified a level at an excitation ccrgy of 353 kcV aboce 11w isomer
10. 16 - 13 - 14OkeV and which could not exclude other leve' lying cven closcr The

70= 16 4 7 k-- gateway could be reached by the absorption of a pump photon of less

9. 371, if than 'oM keV. shown by the large upward arrow in the figure Due to,
1_2- the ) 2 dependence for the pump step shown in Eq I, this redu.cd

2 8photon energy may enhance the integrated cross section by a factor ofQ J 7 ;,-
7. __ nearly 50 over that observed in "0T'la. T1he presence of txko possitle

6. 10. 0 . output channels, one through the K = 14 band and the other thiioti, t!

K-6 K = 6 band, greatly increases the probability of success Pragmaticalh,
7.. 6ns 9- the lifetimes of both laser-like levels are well-suitcd to the typiczl

.L 8- - output durations of nanoseconds to microseconds of pulsed-power
8K-8 devices likely for use in optically pumping a ganirna-ray laser

• 922k e V Decay from the gateway to the K = 14 band would require only AK

6. = 2 and would populate the bandhead having a halflife of 68 pis
-----------.... ,12 7ke V Observation of this event following the irradiation of a sample wouldS 4.- require the detection of 140 keV photons, as shown in the figure. This

__ energy, as well as the 68 Its halflife, is already well within the present
2 L 0. capabilities of the CsF scintillator system.

K-O Ground Stole In the event of a stronger degree of K mixing, the K = 6 bandhead

Figure 9: Energy level diagram of the nuclide 78I-f. The 31-year with a halflife of 78 nis could be reached. Requiring AK = 8, this is no

isomer stores 2.45 MeV and forms the head of a band with K = 16. larger than that transferred through the gateway in the dumping of

The natural decay occurs through the K = 8 and K = 0 bands and IS°Tam and less than that observed in the decay of 174
1iTn It is

cannot excite either the higher-lying K = 14 bandhead with a expected that the next generation gated detection system will allow

lifetime of 68 ps or members of the K = 6 band on the left-hand meas,'ements on a time scale approaching the 78 ns halflife. In

side whose bandhead has a haiflife of 78 ns. A K-mixing gateway addition, the fluorescence signatures are at the relatively high energies

level inferred from systematics is shown near 2.8 MeV and could of 922 keV and 1247 keV. Those are particularly convenient energies

populate those laser-like states. for detection if bremsstrahlung with a lower endpoint is used to pump
the sample.

Unfortunately, from the viewpoint of availability 'nIH-I2 is far inferior to IS°Tam. While It°Tae exists at 0.012 % of all tantalum and can
be prepared simply by mass separation, the 31-year isomer of 17tnf must be prepared by nuclear reactions such as spallation or a
bombardment. At present the entire world inventory of 73H11D appears to be about 1015 nuclei. Procurement of a sample sufficient for testing
remains a problem being addressed.

Conclusions

The discovery of giant K-breaking resonances fot pumping and dumping nuclear populations and the development of new technology have
enhanced the feasibility of a gamma-ray laser by orders-of-magnitude over that projected in the blueprint of 1982. All of the component
concepts have now been demonstrated experimentally, and a recent model51 3 9 supported by the new data indicated that there is a significart
region in parameter space for which a nuclear system can be optically pumped to threshold without the need to melt a low-Z host lattice. In
addition simulation hosts have been created by implanting isotopically pure nuclei of 57Fe into a thin diamond film produced using well-
established technology.4 At this time here are no a prIo obstacles to the realibation of a gamma-ray laser. However, exact pump
requirements depend sensitively on the structure of the actual isotope and the feasibility of a gamma-ray laser cannot yet be determined.
Research by the United States' main-line project has now identified the 31-year isomer of 73-f as the first-ranked candidate and procurement
is curently being pursued. Testing is planned for the coming year.
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